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Abstract: Comprehensive evidence supports that oligomerization and accumulation of amyloidogenic AB42 peptides in
brain is crucial in the pathogenesis of both familial and sporadic forms of Alzheimer's disease. Imaging studies indicate
that the buildup of AB begins many years before the onset of clinical symptoms, and that subsequent neurodegeneration
and cognitive decline may proceed independently of AB. This implies the necessity for early intervention in cognitively
normal individuals with therapeutic strategies that prioritize safety. The aspartyl protease y-secretase catalyses the last step
in the cellular generation of AB42 peptides, and is a principal target for anti-amyloidogenic intervention strategies. Due to
the essential role of y-secretase in the NOTCH signaling pathway, overt mechanism-based toxicity has been observed with
the first generation of y-secretase inhibitors, and safety of this approach has been questioned. However, two new classes of
small molecules, y-secretase modulators (GSMs) and NOTCH-sparing y-secretase inhibitors, have revitalized y-secretase
as a drug target in AD. GSMs are small molecules that cause a product shift from AB42 towards shorter and less toxic AB
peptides. Importantly, GSMs spare other physiologically important substrates of the y-secretase complex like NOTCH.
Recently, GSMs with nanomolar potency and favorable in vivo properties have been described. In this review, we summa-
rize the knowledge about the unusual proteolytic activity of y-secretase, and the chemical biology, molecular mechanisms

and clinical perspective of compounds that target the y-secretase complex, with a particular focus on GSMs.
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INTRODUCTION

The Amyloid Hypothesis of Alzheimer's Disease Provides
a Rationale for the Development of Disease-Modifying
Therapies

Alzheimer’s disease (AD) is the most common age-
related neurodegenerative disorder currently affecting 20-30
million individuals worldwide. With increasing life expec-
tancy, the European region alone will harbor around 11.2
million prevalent AD cases by 2050 [1]. The cardinal symp-
tom of the disease is progressive memory loss due to the
degeneration of neurons and synapses in the cerebral cortex
and subcortical regions of the brain. Neuropathologically,
AD is characterized by the extracellular deposition of amy-
loid-B (AB) peptides, neurofibrillary tangle formation, a
chronic inflammatory response and oxidative damage [2].

Comprehensive evidence supports the amyloid hypothe-
sis of AD, which states that aberrant production, aggregation
and deposition of AP plays a causal role in the pathogenesis
[2-4]. AB is a proteolytic fragment, which is generated
through sequential cleavage of the amyloid precursor protein
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(APP) by B- and y-secretase (Fig. 1). Cells produce AP pep-
tides of variable length, but peptides of 40 and 42 amino
acids are the most prevalent species. Genetic, toxicology and
animal studies strongly indicate that the longer, highly amy-
loidogenic AB42 isoform is the key pathogenic species and
could be an ideal therapeutic target in AD [2-4]. Most impor-
tantly, genetic analysis of familial forms of AD with early
disease onset (FAD) has demonstrated that modest overpro-
duction of amyloidogenic AB42 peptides in the brain is suf-
ficient to cause this devastating neurodegenerative disease
with complete penetrance [5]. Interestingly, it appears that a
high ratio of AB42 to AB40 peptides is critical for the forma-
tion of neurotoxic AP oligomers whereas the total amount of
APB42 peptides produced is a less important determinant. In
addition, it has been demonstrated that AB40 can antagonize
the aggregation rate and neurotoxic properties of AB42 both
in vitro and in animal models of AD [6-10]. Finally, in line
with the observation that the common, age-associated forms
of AD are clinically and histopathologically remarkably
similar, it has been argued that oligomerization and accumu-
lation of toxic AB42 peptides in brain is also the triggering
event in the sporadic forms of the disease [2, 4, 11].

Neuropathology studies indicate that brain accumulation
of AP likely starts 10-20 years before the clinical onset of
AD [12]. Furthermore, amyloid imaging studies with posi-
tron emission tomography suggest that Ap deposition begins
insidiously in cognitively normal individuals, and that sub-
sequent cognitive decline and neurodegeneration may pro-
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Fig. (1). Proteolytic processing of APP and the NOTCH receptor by y-secretase. The AP peptide is derived by sequential proteolysis from
APP, a ubiquitously expressed type | transmembrane protein. In the amyloidogenic pathway, APP molecules are first cleaved at the cell sur-
face or in early endosomes by B-secretase (BACE1), a membrane bound aspartyl protease, generating a large, soluble ectodomain, APPs-B,
and a membrane-bound fragment, C99, that defines the N-terminus of the AB sequence [197]. Subsequent cleavage of C99 by the aspartyl
protease y-secretase approximately in the middle of the TMD generates the C-terminus of the AP peptide and releases AR from APP. y-
secretase generates A peptides of varying length elongated or truncated at the C-terminus, with peptides ending after 40 and 42 amino acids
being the predominant species. In addition to cleavage in the middle of the TMD (y-cleavage), y-secretase cleaves close to the cytosolic bor-
der of the membrane (e-cleavage). This cleavage liberates the APP intracellular domain (AICD), which may have a function in transcrip-
tional regulation [42]. The NOTCH receptor is synthesized as a 300 kDa precursor that is cleaved by a furin-like convertase in the trans-
Golgi compartment and assembled into a mature heterodimer receptor through non-covalent linkage of the resulting protein fragments (S1
cleavage) [27, 28]. At the cell surface, binding of DSL family ligands (Delta/Jagged) induces shedding of the ectodomain by the metallopro-
tease ADAM10 (S2 cleavage). The resulting, membrane-bound C-terminal fragment termed NOTCH extracellular truncation (NEXT) un-
dergoes cleavage by y-secretase at the cytosolic border of the membrane (S3 cleavage), which releases the NOTCH intracellular domain
(NICD) into the cytosol. NICD travels to the nucleus where it functions as a transcriptional activator [27, 28]. Interestingly, y-secretase also
cleaves the NEXT fragment in the middle of the TMD at sites topologically similar to the cleavage sites in APP that generate the AB pep-
tides. These cleavages (S4 cleavage) generate the N peptides, predominantly Nf21 and Nf25, which are released into the extracellular
space [113]. In addition to NOTCH receptors, a large number of type-1 membrane proteins including NOTCH receptor ligands, APP
homologs, ErbB-4, E- and N-cadherin and CD44 have been identified as y-secretase substrates. Whereas the physiological relevance of
v-secretase-mediated cleavage events in many of these substrates remains to be clarified, suppression of NOTCH receptor processing and
signaling has been shown to result in dramatic phenotypes in a variety of organisms [26].

ceed independently of A accumulation [13]. Today, neuro-
psychological testing provides around 85% accuracy in the
diagnosis of AD. However, this diagnosis is based on sub-
stantial cognitive impairments that severely interfere with
activities of daily life, and it is known that patients at this
stage have already suffered extensive neuronal damage [14].
Taken together, these findings indicate that the future of AD
therapeutics is not treatment in advanced stages but primary
and secondary prevention of the disease. However, for dis-
ease prevention to succeed, any potential intervention should
target the key mechanisms that are responsible for initiation
of the disease process. In addition, a drug can have only
minimal side effects and needs to be tolerated for long peri-
ods of time, potentially decades in the case of AD. Despite
considerable progress in the understanding of AD pathology,
only symptomatic treatments are available today [15]. The
most advanced efforts to develop disease-modifying thera-
pies for AD have focused on suppressing AB production with
small molecule inhibitors of 3- and y-secretase, on enhancing
AP clearance by immunization protocols, and on the devel-
opment of compounds that prevent aggregation of AB pep-

tides. However, none of these approaches have so far yielded
clinically viable therapies, and all of them are confronted
with technical challenges and safety concerns [15].

In conclusion, the amyloid hypothesis has undergone
revisions in recent years, but remains the only concept that
can conclusively explain the disease course in both familial
and sporadic forms of AD [4, 16]. The realization that AR
accumulation might trigger the disease process many years
before the development of clinical symptoms demands early
intervention in cognitively normal individuals. This has cre-
ated novel challenges to develop intervention strategies that
prioritize safety. However, this also holds the promise that
effective anti-amyloidogenic interventions through safe
pharmaceuticals might be able to halt the disease process
before any cognitive dysfunction occurs.

Overview of Compound Classes Targeting the y-Secretase
Complex

The proteases that process APP and generate the AR
peptides remain the most straightforward targets for anti-
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amyloidogenic intervention strategies. 3-Secretase is an at-
tractive target that may have a favorable side effect profile,
but inhibitor development has proven exceedingly difficult,
and only a single compound has reached clinical trials so far
[17]. In contrast, drug development for the aspartyl-protease
v-secretase has progressed rapidly. y-Secretase has a compli-
cated multi-subunit architecture with overall 19 transmem-
brane domains (TMDs), and no high-resolution structural
data for this protease is available, which indicates that drug
design has relied more on high-throughput screening and
serendipity than on rational drug design. Nevertheless, a
large number of small molecule y-secretase inhibitors
(GSls), some with subnanomolar affinity and excellent in
vivo properties, have been developed [17]. According to their
binding sites within the y-secretase complex, these GSlIs
have been categorized into three major classes; active site,
docking site and allosteric site binders (Table 1). The first
generation of active site directed GSls such as L-685,458
(Fig. 4) were derivatives of HIV protease inhibitors with a
characteristic unhydrolysable hydroxyethylene mimicking
the substrate amide bond [18]. Interestingly, these peptide-
based compounds show little similarity with the residues
within the APP-cleavage site, and attempts to improve
the inhibitory potency using APP-mimics were initially
unsuccessful [19]. However, subsequent introduction of
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o-helix-inducing residues in the sequence provided highly
potent inhibitors, which were found to bind to an exosite
also called substrate docking site in the enzyme complex
(Fig. 5) [20]. Efforts to circumvent the poor pharmacokinet-
ics generally observed with peptides led to a second genera-
tion of GSls, developed on the DAPT scaffold (N-(N-(3,5-
difluorophen-acetyl)-L-alanyl)-S-phenylglycine t-butyl ester,
(Fig. 6). These allosteric site binders present a difluorobenzyl-
dipeptide backbone, with numerous modifications on
the C-terminal substituents [21-25]. Further development
has also yielded aryl-sulfonamide GSlIs such as MRK-560
(Fig. 7), which likely target the same allosteric binding site
[21-24].

Unfortunately, early animal studies with GSlIs from these
classes have uncovered severe mechanism-based toxicity
[17, 26]. Besides APP, more than 50 other substrates of -
secretase have been identified, but it appears that the toxicity
caused by GSls can be largely explained by the essential role
of y-secretase in proteolytic processing of one specific sub-
strate, the NOTCH receptor. Similarly to APP, the NOTCH
receptors undergo intramembrane cleavage by <y-secretase,
releasing the NOTCH intracellular domain (NICD) to regu-
late transcription of target genes involved in cell fate deci-
sions during embryogenesis but also in mitotic cell popula-
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tions of adult mammals including lymphocytes and intestinal
epithelial cells (Fig. 1) [27, 28]. The majority of GSls indis-
criminately block cleavages within the TMDs of y-secretase
substrates and prevent AR and NICD formation with equal
potency. Inevitably, y-secretase treatment in mice at doses
that effectively reduced AR levels in brain caused severe
hematopoietic phenotypes and gastrointestinal toxicity [17,
26]. Nevertheless, one non-selective GSI, the DAPT-like
LY-450,139 (Semagacestat, Fig. 6) has been explored in a
Phase 11l clinical trial in AD patients. However, clinical de-
velopment of this compound was recently terminated due to
enhanced cognitive decline and an increased risk of skin
cancer in the treatment group (Eli Lilly and Company, press
release August 17, 2010).

Importantly, two newer classes of small molecules,
NOTCH-sparing GSls and ysecretase modulators (GSMs),
have revitalized y-secretase as a drug target in AD. NOTCH-
sparing GSls such as BMS-708,163 and GSI-953 (Begaces-
tat) are structurally highly similar to non-selective sulfona-
mide GSls (Fig. 7). These compounds block all y-secretase-
mediated cleavage events in the APP TMD but have been
reported to avoid effects on NOTCH processing in a certain
range of concentrations [24, 29]. A distinct class of NOTCH-
sparing compounds has structural similarities to kinase
inhibitors (Fig. 8). Very little is known about the mode of
action of these compounds, but they have been shown to
interact with a putative nucleotide-binding domain within the
v-secretase complex [30-32]. Finally, GSMs are small mole-
cules that cause a product shift from the highly amyloi-
dogenic AP42 peptide towards shorter and less toxic AP pep-
tides [26]. These fascinating molecules also spare processing
and signaling of the NOTCH receptor. Importantly, the fact
that GSMs change the cleavage pattern but leave the overall
processing activity of the protease unaffected indicates that
GSMs may generally maintain the function of physiologi-
cally important y-secretase substrates. The first GSMs were
discovered in the class of non-steroidal anti-inflammatory
drugs (NSAIDs) (Fig. 9) [33]. However, NSAID GSMs such
as sulindac sulfide or ibuprofen are plagued by pharmacol-
ogical liabilities such as low potency and brain permeability,
as well as by side effects related to cyclooxygenase inhibi-
tion [34]. More recently, GSMs with nanomolar potency and
favorable in vivo properties have been described [35]. These
compounds belong to two major classes, acidic GSMs with
structural similarities to NSAID (Figs. 12, 13, 16) and non-
acidic bridged aromatics like E-2012 (Fig. 14). The molecular
details how GSMs modulate the activity of vy-secretase
remain largely undefined, with conflicting data supporting a
binding site within the substrate APP or within subunits of
the y-secretase complex [36-38].

In summary, intense research in both academia and
pharmaceutical companies has helped to alleviate early
safety issues and has assured that vy-secretase remains
one of the most promising therapeutic targets in AD. In
the following, we summarize the knowledge about the
unusual proteolytic activity of +y-secretase, and review
the chemical biology and clinical perspective of compounds
that target the y-secretase complex with a particular emphasis
on GSMs.
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MOLECULAR MECHANISM OF vy-SECRETASE
INHIBITORS AND MODULATORS

v-Secretase and the Molecular Mechanism of AR
Generation

v-Secretase belongs to the intramembrane-cleaving prote-
ases (I-CLiPs) that hydrolyze peptide bonds of their sub-
strates in the membrane, and comprise zinc metalloproteases,
serine proteases and aspartyl-proteases [39]. y-Secretase is a
multi-subunit aspartyl 1-CLiP with the presenilin (PSEN)
proteins, either PSEN1 or PSEN2, at its catalytic core [40-
42]. Current evidence indicates that PSEN has a nine trans-
membrane domain (TMD) topology. PSEN proteins are en-
doproteolytically cleaved during assembly and maturation of
the y-secretase complex into N- and C-terminal fragments
that remain non-covalently associated. The PSEN fragments
are incorporated together with three accessory proteins, ni-
castrin, anterior pharynx defective-1 (APH-1) and presenilin
enhancer-2 (PEN-2), into high molecular weight complexes
that correlate with the bulk of enzymatic activity [40, 41].
The function of these accessory proteins is largely unknown.
Controversial data supporting a role of nicastrin in substrate
recognition has been published [43, 44], and more recently,
it has been questioned whether nicastrin is at all essential for
enzymatic activity of the y-secretase complex [45, 46]. APH-
1 and PEN-2 are highly hydrophobic proteins with altogether
9 TMDs and may serve structural functions in the complex.
PEN-2 supports the stability of the PSEN fragments in the y-
secretase complex, and APH-1 has also been implicated in
substrate interaction [47-49]. y-Secretase most likely forms a
monomeric complex with the four subunits present in a
1:1:1:1 stoichiometry [50]. The subunits assemble in a step-
wise process in early compartments of the secretory path-
way. Subsequently, the fully assembled y-secretase complex
travels to compartments of the late secretory pathway and the
plasma membrane where it is functionally active [40-42].

Two critical aspartate residues in TMD6 and TMD7 of
PSEN form the active center of y-secretase and are essential
for enzyme activity [51]. However, at present we only have a
partial understanding of how vy-secretase accomplishes the
hydrolysis of peptide bonds in the hydrophobic environment
of the membrane. In the absence of high-resolution structural
data of the y-secretase complex, cysteine scanning mutage-
nesis of PSEN1 has been employed to gain insight into the
topology and catalytic mechanism of y-secretase [52]. This
technique involves the substitution of specific amino acid
residues with cysteine and the subsequent labeling with sulf-
hydryl-directed reagents to assess the water accessibility of
the cysteine residues. Cysteine residues located on the ex-
tracellular or cytosolic side of the membrane are readily wa-
ter accessible and can be labeled by either membrane-
permeable or impermeable labeling reagents. On the con-
trary, cysteines embedded in the membrane are not labeled
by sulfhydryl-directed reagents unless they are exposed to a
water-containing cavity. This type of analysis has demon-
strated that TMDs 6 and 7 around the catalytic aspartate
residues form a hydrophilic cavity within the membrane that
may allow access for water molecules, which are required to
hydrolyze peptide bonds [53, 54]. In addition, parts of TMD9
in the C-terminal half of PSEN are located in proximity to the
catalytic site and may further contribute to substrate binding
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and delivery to the active site [55, 56]. It has been proposed
that a lateral gating mechanism controls access of the mem-
brane-anchored substrate to the hydrophilic catalytic cavity.
This assumes that the substrate initially binds to a distinct
substrate-binding site (docking site) on the outer surface of
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residues N-terminal from the catalytic aspartate in TMD7
has been demonstrated to block NOTCH processing and
NICD generation without effect on Ap and AICD generation
[60], indicating that this residue is critically involved in the se-
lection between the substrates NOTCH and APP.

the y-secretase complex and is subsequently transported into
the active site and cleaved (Fig. 2). Support for both a water
accessible catalytic pore and a lateral gating mechanism in y-
secretase has also been derived from the available crystal
structures of prokaryotic serine and metalloprotease 1-CLiPs
[39, 57-59]. How +y-secretase selects between different sub-
strates is largely unknown, but mutation of a leucine two

How exactly the AP peptides are generated by y-secretase
has not been fully resolved but recent progress supports a
model of sequential cleavage events [61]. After cleavage of
APP by B-secretase, which creates the N-terminus of the AP
peptide sequence, y-secretase cleaves at multiple sites within
the APP TMD (Fig. 3). Based on the abundance of individ-
ual cleavage products, predominant cleavage events occur
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Fig. (2). Hypothetical model of substrate interaction and processing by y-secretase (modified after [74]; see text for details).
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Fig. (3). y-secretase cleavage sites within the TMDs of APP and the NOTCH1 receptor. Cleavage by B-secretase generates the N-terminus of
the AP sequence. Subsequently, y-secretase cleaves within the APP TMD at multiple sites. According to the sequential cleavage model,
cleavage occurs initially close to the cytosolic border of the TMD at the e-site or at the alternative e-site (y48), and then in two product lines
along opposite surfaces of the helical axis of the substrate APP. Most recently, direct evidence for this model has been provided with the
detection of corresponding tripeptides that are released after each sequential cleavage step [68]. This study also described detection of a
tetrapeptide that would explain conversion of AB42 to AB38. Evidence for conversion of AB40 to AB37 is lacking. Cleavage of NOTCH1 by
ADAM10 (S2 cleavage) generates a membrane-bound, C-terminal fragment that is a direct substrate for y-secretase. Cleavage occurs close to
the cytosolic border of the TMD and results in release of the NICD domain (S3 cleavage). In addition, y-secretase-mediated cleavage events
in the middle of the TMD generate two peptides, NB21 and NB25, with differing C-termini analogous to the AP peptides (S4 cleavage)
[113]. A similar dual-cleavage mechanism has been proposed for other substrates of y-secretase [114, 198]. GSMs reduce the generation of
AB42 and of the corresponding NP25 peptides, but spare y-secretase cleavage at the e-site and the S3-site and liberation of the AICD and
NICD domains. This indicates that the topology of the y-secretase cleavage sites within the TMD is crucial for the modulation of a given y-
secretase substrate by GSMs.
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after Val-40 (generating AB40) and after Ala-42 (generating
APB42) approximately in the middle of the TMD, and after
Leu-49 close to the cytosolic border of the TMD, which gen-
erates the AICD fragment (e-cleavage) [40, 61]. Minor
cleavages take place after various other residues, and less
abundant AP peptides have been detected either in cell su-
pernatants (AB37, AB38, AB39) or cell lysates (AR43, AB45,
AB46, AB48) [62]. The latter peptides are highly hydropho-
bic and only inefficiently secreted. In addition, cleavage after
Thr-48 produces a less abundant but longer AICD fragment
(alternative e-cleavage) [63]. The APP TMD has been pro-
posed to adopt an oa-helical conformation with 3.6 residues
for one complete turn, and to interact on one surface with the
active center of y-secretase [64]. In this conformation cleav-
age sites for AP40, AB43, AB46 and APB49 (e-cleavage)
would align on one surface of the helix, and cleavage sites
for AB38, AB42, AB45 and AP48 (alternative e-cleavage) on
the opposite surface (Fig. 3) [62]. According to the sequen-
tial cleavage model as proposed by Ihara and colleagues, e-
cleavage would occur first with subsequent cleavages taking
place sequentially at every 3 residues along the o-helical
surface [62]. Two separate product lines of AP peptides
would then depend on whether the first cleavage event
occurred at the e-cleavage site (AP49, AB46, AB43, AB40)
or at the alternative e-cleavage site (AB48, AP45, AP42,
AB38) [62, 63, 65, 66]. While interdependency between
e-cleavage and the y-secretase cleavage events in the middle
of the APP TMD (generating AB40 and AP42) has been
well documented [67], coordinated cleavages for other AB
species, in particular AP48, Ap45, AB42 and AB38, have
only been insufficiently supported. However, most recently,
direct evidence for the sequential cleavage model has been
provided with the detection of corresponding tripeptides that
are released after each sequential cleavage step by tandem
mass spectrometry [68]. This study using a CHAPSO-
reconstituted y-secretase in vitro assay also described detec-
tion of a tetrapeptide that would explain conversion of AB42
to AB38, and is consistent with the idea that AB42 is a direct
precursor of AB38 (Fig. 3). Clearly though, the reconstituted
v-secretase in vitro assay displayed some features that are at
odds with results from cellular assays. For example, only A
peptides up to AB40 and AB38 were produced in this assay.
In contrast, tissue culture supernatants have been shown to
contain shorter peptides such as AB37, AB34 and AB33,
whose generation was suppressed by GSls [69]. In addition,
using cells expressing FAD PSEN1 mutants, evidence has
been provided that AB42 and AB38 can be generated inde-
pendently by y-secretase arguing against a strict precursor
product relationship between these peptides [35, 70]. Evi-
dently, additional studies are required to reconcile results
from y-secretase in vitro assays and observations in cellular
assays. Furthermore, it remains completely unresolved how
the substrate relocates in the active center of y-secretase to
expose the following peptide bond during the sequential
cleavage process. Evidence has also been provided for se-
quential cleavage of NOTCH by +y-secretase. In this vy-
secretase substrate, cleavage at two major sites in the middle
of the TMD (S4 cleavage) seems to depend on prior cleavage
at the S3 site close to the cytosolic border of the TMD [71,
72]. These cleavage sites in NOTCH are topologically simi-
lar to the y-secretase cleavage sites in APP, with the S4
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cleavage sites resembling the AB40/AB42 cleavage sites and
the S3 cleavage site being analogous to the e-cleavage site in
APP (Fig. 3).

Another important issue is whether APP is processed by
v-secretase as a monomeric or a dimeric substrate. Around
25% of all y-secretase substrates contain GXXXG motifs in
their TMDs, which have been demonstrated to mediate TMD
helix-helix association in some membrane proteins [73, 74].
However, in this respect, APP is unique as it contains three
consecutive GXXXG motifs in its TMD and juxtamembrane
domain (amino acids 25-37 of the AP sequence (Fig. 3) [74].
Importantly, G/A or G/I mutations in the GygXXXG3; motif
were shown to lower APB42 production and to increase
shorter AP species, mimicking the effects of GSMs [75].
These glycine mutants further displayed reduced helix-helix
interaction of the APP TMD in a bacterial dimerization as-
say. Based on these findings, it was proposed that sequential
cleavage of APP by y-secretase might be regulated by the
dimerization strength of the APP TMD [75]. In a wild type
APP substrate, y-secretase cleavage would cleave from the e-
cleavage site in N-terminal direction until the dimerization
motif would restrict the enzyme from proceeding further,
causing termination of proteolysis and the release of the
most prevalent AB40 and AB42 peptides. Attenuation of the
dimerization strength by mutation of the glycine residues
would allow y-secretase to cleave further along the TMD,
leading to the generation of shorter AP species and reduced
APB42 production [75]. By inference, attenuation of APP
dimerization could also be a plausible mechanism how
GSMs shift AB42 production to shorter AB species (see
below) [38]. However, whether APP dimerization generally
facilitates AP production remains controversial [76-78].
Furthermore, evidence indicates that y-secretase mediated
proteolysis of other substrates might not be controlled by
oligomerization [79].

One prediction of the sequential cleavage model is that,
in principle, it should be possible to inhibit the y-secretase
cleavage events in the middle of the TMD that generate the
AP peptides without blocking the e-cleavage site or topo-
logically similar cleavage sites in other y-secretase substrates
that generate the ICD domains. Indeed, evidence for this
prediction have been provided that goes beyond the discov-
ery of GSMs. Specific mutations in the APP luminal juxtam-
embrane domain were shown to dramatically lower AB pro-
duction without effects on e-cleavage in cell-based assays
[80]. Furthermore, RNAi-mediated down-regulation of the y-
secretase associated protein TMP21 increased AP production
but did not affect e-cleavage in APP [81]. Hence, TMP21
might normally repress AB production without impairment
of ICD formation from APP, NOTCH and other y-secretase
substrates. Mechanistically, these effects are different from
the mode of action of GSMs as neither APP juxtamembrane
mutations nor TMP21 downregulation caused any selective
effects on AB42 production but instead affected overall AB
production [80, 81]. In addition, this type of modulation is
also different from the mode of action of NOTCH-sparing
GSIs [29]. While no detailed data concerning their effects on
APP and NOTCH processing have been published yet, cur-
rent evidence suggests that these compounds do not dis-
criminate between the APP cleavage sites and impede both
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AP and AICD production [24, 29, 82] similar to prototypical
non-selective GSls like DAPT (Table 1 and Fig. 6). Instead,
NOTCH-sparing GSIs seem to act preferentially on APP
versus NOTCH via an unknown mechanism.

v-Secretase Inhibitors Interact with Presenilin, the
Catalytic Subunit in the y-Secretase Complex

Either through rational design or chemical library
screens, large numbers of highly potent GSIs have been
identified [17, 83]. Depending on their chemical structure
and mechanism of action, these compounds seem to target
three different binding sites in the y-secretase complex
that are all located within the PSEN proteins [20-24, 84-86].
The location and spatial relationship between these binding
sites have been probed by several experimental approaches
including photo-affinity labeling experiments, cross-
competition studies and radioligand binding assays.

Photo-affinity labeling studies with two analogues of
L-685,458 (Fig. 4) based on the same unhydrolizable
hydroxyethylene dipeptide isoster (L-852,505 and L-852,
646, Fig. 4) and equipped with a photo-reactive benzophe-
none group (Fig. 4) have demonstrated that active-site
directed transition-state GSls like L-685,458 interacted with
both the N- and C-terminal fragments of PSEN1. While both
L-858,505 and L-852,646 target the catalytic active site, L-
852,505 labeled preferentially PSEN1-CTF whereas L-
852,646 associated distinctly with PSEN1-NTF [85]. This
finding is consistent with the idea that the active site of
v-secretase is located at the interface of the two PSEN
fragments and is composed of one aspartyl residue in each
subunit [84, 85].

Furthermore, these transition-state inhibitors bind to the
v-secretase complex in a non-competitive fashion with re-
spect to the substrate APP, and blocking the active site with
a transition-state GSI did not prevent binding of substrate to

W@ Y ’
L-685,458
ICs0 = 36 NM

|C50 =10 nM

@ Y L-852,505
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the enzyme complex. Indeed, the substrate was found to co-
purify with an enzyme-bound transition-state inhibitor [87,
88]. These results have led to the proposition that y-secretase
contains a docking site for substrate binding that is responsi-
ble for initial recognition of the substrate prior to movement
to the catalytic site. Consequently, a-helical peptides based
on the TMD of APP interacted with this docking site and
were also potent inhibitors of y-secretase [20]. Photo-
labeling studies with a-helical peptides of variable length as
well as mutagenesis studies have further indicated that the
active site and the docking site are spatially close together
and may even overlap [20, 60]. In this respect, it has been
reported that a photo-reactive derivative of a 10-residues a-
helical peptide D-10 (Fig. 5) binds at the NTF-CTF interface,
but could not be displaced by the transition state inhibitor
[11-31-C (Fig. 4). However, displacement occurred with a
three amino acids elongated D-13 analogue (Fig. 5), suggest-
ing close proximity of the active and docking sites [20].

Besides inhibitors targeting the active or docking sites
described above, a third class of inhibitors has been identi-
fied. These inhibitors target a discrete binding site, and
include the dipeptidic compounds DAPT (N-(N-(3,5-
Difluorophenacetyl)-L-Alanyl)-S-Phenylglycine t-butylester,
(Fig. 6) and its C-terminally modified analogues extended
with diazepines such as compound-E, or with caprolactams
such as LY-411,575 and LY-450,139 (Semagacestat, Fig. 6).
Moreover, aryl sulfonamide GSIs such as MRK-560 and
the third generation NOTCH-sparing GSls BMS-299,897
and GSI-953 (Fig. 7) may also target the same allosteric
binding site. Specifically, a photo-activatable derivative of
DAPT was shown to interact with a binding site in the
PSEN1 CTF [21]. However, a follow up study investigated
photo-activatable derivatives of two close analogs of DAPT
and reported that these compounds target the PSEN1 NTF
[86]. Together, these results indicate that the binding site for
dipeptidic GSIs may also be located at the interface of the

L-852,646

Fig. (4). Structures of the active-site directed y-secretase inhibitor L-685,458 and close analogues.
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Fig. (5). Structure of docking-site binders: a-helical peptide D-10 and the three-amino acids extended analogue D-13.
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Fig. (6). Structures of the allosteric site binder DAPT and derivatives.

two PSEN fragments, and that labeling of either fragment
may depend on the chemical space that a specific photo-
probe occupies.

Although the synthesis of photo-probes based on active
aryl sulfonamide GSlIs has been described (Fig. 7), no analo-
gous binding studies have been reported yet for this class of
compounds [89]. Nevertheless, several inhibitor cross-
competition studies strongly suggest that all non-transition-
state GSlIs including the aryl sulfonamide NOTCH-sparing
GSls such as GSI-953 (Begacestat, Fig. 7), 14-fold selectiv-
ity for APP over NOTCH), BMS-299,897 (Fig. 7), 15-fold
selectivity APP over NOTCH) [90] and BMS-708,163 (Fig.
7), 190 fold selectivity APP over NOTCH) target the same
binding site in the y-secretase complex [21-24]. Finally, the
non-sulfonamide NOTCH-sparing inhibitors targeting a
putative nucleotide-binding domain Gleevec, ZM39923,
sirtinol, (Fig. 8) are also presumed to bind to the PSEN1 CTF
based on evidence from competition experiments between
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Semagacestat (LY-450,139 Lilly)
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ZM39923 and a photo-reactive ATP analogue [30-32]. It has
further been proposed that non-transition-state GSIs may
prevent substrate movement from the docking to the catalytic
site, which would position their binding site in between the
docking site and the active site [23]. In conclusion, while the
exact binding pockets remain to be defined, all GSIs seem to
interact with PSEN in the y-secretase complex.

Substrate-Targeting y-Secretase Modulators?

Substantial progress has been made to elucidate the mo-
lecular mechanism of GSMs. All GSMs that were initially
discovered belonged to the drug class of non-steroidal anti-
inflammatory drugs (NSAIDs) (Fig. 9) [33, 91]. These com-
pounds exert their principal analgesic effects through inhibi-
tion of cyclooxygenases (COX) [92]. However, it rapidly
became clear that COX enzymes were not involved in the
APB42-lowering activity of NSAID GSMs, and that COX-
inhibition and AB42-lowering were distinct pharmacological
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Fig. (8). Structures of NOTCH-sparing y-secretase inhibitors targeting a nucleotide-binding domain.

entities [26]. Among other arguments, it was demonstrated
that the NSAID GSM sulindac sulfide (Fig. 9) could lower
APB42 generation from COX-deficient fibroblasts [33].

Similarly, several non-COX targets of NSAIDs such as
peroxisome-proliferator-activated receptors, lipoxygenases
and nuclear factor kB [93], were shown to be unlikely in-
volved in the selective modulation of AB42 levels by NSAID
GSMs [94]. Of particular interest were findings by Zhou et
al. that the small GTPase RhoA and its effector Rho-kinase
(ROCK) were mediating the AP42-lowering activity of

NSAID GSMs [95]. However, a subsequent study could
not confirm key findings of this paper [96]. Overall, these
studies argued against an indirect mechanism involving
signal transduction to explain the GSM activity of NSAIDs
(for a comprehensive discussion of the role of COX and non-
COX targets in the AB42-lowering activity of NSAIDs see

[26]).
In contrast, strong evidence has been provided that GSMs

directly modulate y-secretase activity by the demonstration
that NSAID GSMs selectively inhibit AB42 and increase
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an NSAID without this activity.

APB38 production in y-secretase in vitro assays. Several
groups have confirmed that both GSMs and inverse GSMs
(compounds such as celecoxib that increase AB42 levels and
decrease shorter A species [97]) are active in these cell-free
assays using either crude membrane preparations or partially
purified y-secretase complexes as a source of enzyme activ-
ity [91, 97-102]. Studies of GSMs in cell-free y-secretase
assays have further corroborated that GSMs do not affect e-
cleavage and generation of AICD and NICD domains over a
certain range of concentrations [98, 100, 103]. Specifically,
for the GSM sulindac sulfide it was shown that AB42 pro-
duction was selectively and dose-dependently reduced at
lower concentrations (20-100 uM) in a similar fashion to
what had been observed in cell-based assays [98, 103]. How-
ever, at higher concentrations (above 600 uM), AICD gen-
eration was also impaired suggesting that in this concentra-
tion range sulindac sulfide acted similar to a non-selective
GSI [98]. From these studies it was estimated that NSAID
GSMs offer an approximately 10-fold concentration window
where they inhibit AB42 generation without impairment of e-
cleavage and AICD formation [33, 98, 100, 103, 104]. For
newer NSAID-type and non-acidic GSMs with nanomolar
potencies such as E-2012 and GSM-1 (Fig. 14, 16), only few
data concerning NOTCH selectivity in cell-based or in vitro
assays have been published yet. A close analogue of GSM-1
(21, Fig. 16) displayed an 1Cs, for AB42 inhibition of 640
nM (AB40 1Cs, > 10 uM) without observable inhibition of
Notch processing at the maximum assay concentration (10
uM) [105]. In addition, a potent non-acidic GSM (9, Fig. 14)
was shown not to affect proteolytic processing of NOTCH
and a second y-secretase substrate, E-cadherin, at concentra-
tions 1000-fold above its AB42 1Cs (10 nM) [36].

In addition to their activity in cell-free y-secretase assays,
several other observations supported the hypothesis that
GSMs directly interact with the y-secretase enzyme complex.

First, studies using fluorescence lifetime imaging to monitor
the spatial relationship between epitopes within PSEN1 pro-
vided evidence that GSM treatment might induce conforma-
tional changes within the y-secretase complex [106, 107].
Second, certain PSEN1 and PSEN2 mutations associated
with FAD have been demonstrated to strongly attenuate the
cellular response to GSM treatment in vitro and in a trans-
genic mouse model of AD [35, 70, 108]. While these find-
ings may have important consequences for future prevention
studies in FAD patients [108], they further suggested that
subtle structural and/or functional changes in the y-secretase
enzyme complex induced by the PSEN FAD mutations could
affect the potency and efficacy of GSMs. Third, it has been
shown that elongation of the N-terminus of the y-secretase
subunit PEN-2 by 10 amino acids increased AB42 produc-
tion from the mutant y-secretase complexes with a concomi-
tant decrease in AB38 generation, a change in Ap production
that was reminiscent of the effect of inverse GSMs [109]. N-
terminal elongation of PEN-2 was further associated with a
decrease in the water accessibility of critical amino acids in
PSEN1 that have been hypothesized to be exposed in the
catalytic pore of the y-secretase complex [53, 109]. Intrigu-
ingly, similar changes in the water accessibility of the cata-
Iytic pore were observed after treatment with the inverse
GSM fenofibrate (Fig. 10). This indicated that N-terminal
extension of PEN-2 or treatment with inverse GSMs caused
equivalent changes in the vy-secretase cleavage pattern
through similar structural modifications of the catalytic cen-
ter of y-secretase [109]. Finally, in radioligand binding stud-
ies the NSAID GSMs sulindac sulfide and flurbiprofen were
able to displace binding of both transition-state and benzodi-
azepine GSls by non-competitive antagonism, providing
further evidence for direct interaction of GSMs with the -
secretase complex [22, 98].
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In particular the radioligand competition experiments
were highly suggestive of an allosteric binding site for
GSMs within the PSEN proteins [26]. However, surpris-
ingly, and in contrast to the findings with GSls, the primary
binding site of NSAID GSMs has been reported to reside in
the substrate APP and not in one of the four subunits that
form the y-secretase enzyme complex. In a study by Kukar et
al., photo-activatable derivatives of GSMs were synthesized
and employed for biochemical labeling studies [37]. These
derivatives were based on the NSAID GSM flurbiprofen and
the inverse GSM fenofibrate and incorporated benzophenone
as a photo-active moiety and a biotin tag for biochemical
purification (Flurbi-BpB, Fig. 10). Given the low potency of
the parent compounds, the photo-probes were present in the
photo-affinity labeling assays in high concentrations (10-100
uM). Photolysis in the presence of partially purified -
secretase activity demonstrated that none of the four vy-
secretase subunits was labeled by the photo-probes. In con-
trast, a purified recombinant APP substrate consisting of the
last 100 C-terminal amino acids of APP (APP-C100) was
readily labeled by the photo-probes, and binding was com-
peted by the parent compounds and other AB42-lowering
NSAIDs such as sulindac sulfide and indomethacin, but not
by NSAIDs lacking GSM activity such as naproxen (Fig. 9).
In addition, labeling of APP-CTFs and full-length APP was
achieved in the presence of crude membrane preparations.
An analogous recombinant C-terminal fragment of NOTCH-
1 was also labeled by the photo-probes but with less effi-
ciency requiring higher concentrations of the photo-probes.
Mapping of the binding region of the photo-activatable
GSMs within APP demonstrated binding to residues 29-36
of the AB domain. These residues form the beginning of the
APP TMD with Gly29 being the first amino acid within the
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membrane, and they contain two consecutive GXXXG mo-
tifs, which have been implicated in APP dimerization and
AP oligomerization (Fig. 3) [75, 76, 110]. As described
above, G/A mutations in the GygXXXG33; motif have been
shown to selectively lower cellular production of AB42 pep-
tides with a concomitant increase in AB38 production, a shift
in the AP profile that is highly reminiscent of the effects in-
duced by GSMs [75]. Finally, it was shown that other known
AB-binding compounds such as the amyloid dye X-34 dis-
played characteristics of GSMs with selective AB42-
lowering activity and a propensity to increase shorter A
species. From these observations it was concluded that po-
tentially any small molecule binding to the Ap domain of
APP could function as a GSM [37]. Previously, a study by
Espeseth et al. had provided support for this concept [111].
These authors presented benzofuran-containing compounds
such as compound 1 (Fig. 10) that interacted with full-length
APP but not with an APP fragment lacking the AB domain in
surface plasmon resonance binding assays. In y-secretase in
vitro assays using recombinant APP CTFs as substrate, some
of the benzofurans including compound 1 behaved as GSMs
with preferential inhibition of AB42 generation over AB40
generation. In addition, benzofurans were able to block
v-secretase cleavage of a substrate peptide that included
residues 28-42 of the AP domain. Overall, these results
suggested that benzofuran APP-ligands modulated
v-secretase activity in a GSM-like manner by binding to the
AP domain of APP.

Taken together, these findings provided strong evidence
that GSMs and inverse GSMs target the substrate APP in-
stead of the y-secretase enzyme [37]. However, of note, a
recent NMR study questioned the specificity of the observed
interaction between NSAID GSMs and APP [112]. In addi-
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Fig. (10). Substrate binders and the structure of Flurbi-BpB, a flurbiprofen-derived photo-reactive probe.
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tion, several earlier observations do not easily conform to the
concept of substrate targeting GSMs. First, enzyme kinetic
analyses have demonstrated a mode of non-competitive inhi-
bition of AB42 production for the NSAID GSMs sulindac
sulfide and flurbiprofen in cell-free assays of y-secretase
activity [98, 100]. This indicates that the inhibitory effect of
GSMs on AB42 production cannot be overcome by increas-
ing substrate concentrations in vitro, which would be ex-
pected for compounds with a primary binding site within the
substrate. Such non-competitive inhibition with respect to
substrate has also been observed with GSls from different
structural classes including the prototypical transition-state
inhibitor L-685,458 (Fig. 4), which directly interacted with
PSEN1 [85, 88]. Second, while GSMs do not impair y-
secretase cleavage close to the cytosolic membrane border
and the release of intracellular signaling domains (ICDs)
from several y-secretase substrates in cell-based and in vitro
assays [33, 98, 100, 103, 104], it has been convincingly
demonstrated that GSMs do affect y-secretase cleavage
events in the middle of the NOTCH-1 TMD (S4-cleavage),
which are analogous to the cleavage events in the APP TMD
that generate the AP peptides (Fig. 3). Okochi et al. [113]
have identified AP-like peptides that are generated from
NOTCH by y-secretase with differing C-termini analogous to
the AP peptides. Two peptides, Nf21 and NB25, were pre-
dominantly produced from cells overexpressing NOTCH-1
in a ratio of 5:1 (Fig. 3). Intriguingly, treatment with GSMs
selectively lowered generation of the longer Nf25 peptides
without affecting levels of the shorter NB21 peptide [113].
Conversely, expression of PSEN1 mutants or treatment with
inverse GSMs selectively increased NB25 levels. Impor-
tantly, treatment with 100 uM of the NSAID GSMs sulindac
sulfide or indomethacin caused quantitatively similar reduc-
tions in the AB42 and NB25 levels. This indicated that -
secretase mediated cleavage events in the TMDs of APP and
NOTCH-1 displayed similar sensitivity to GSMs [113]. The
same group recently reported comparable results for another
v-secretase  substrate, amyloid-precursor-like-protein 1
(APLP1) after treatment with inverse GSMs [114]. Third,
signal peptide peptidase (SPP), an aspartyl I-CLiP homolo-
gous to PSEN, has been demonstrated to harbor a binding
site for GSMs, and high concentrations (500 uM) of the
NSAID GSMs sulindac sulfide and indomethacin (Fig. 9)
were able to shift the major cleavage site of a recombinant
SPP substrate under cell-free assay conditions [115-117]. In
contrast to y-secretase, SPP functions as a homodimer with-
out accessory proteins, and y-secretase and SPP substrates do
not show any overlap [118]. These findings seem to suggest
that y-secretase contains a binding site for GSMs that is con-
served in SPP and, accordingly, should be present in PSEN.
Finally, there is very little precedent in the literature for
small molecule inhibitors targeting enzyme substrates [119].
This is most likely due to the difficulties in developing high-
affinity compounds to small and linear epitopes with mini-
mal 3D structure on the surface of proteins. Furthermore, the
cellular concentration of a substrate is generally far in excess
of its processing enzyme; this further complicates the devel-
opment of potent compounds as higher drug concentrations
are required to inhibit an enzymatic reaction by targeting
the substrate. In fact, to the best of our knowledge, NSAID
GSMs and the benzofuran APP-ligands (Fig. 9, 10) are the
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only small molecules that have been reported to distinctly
target an enzyme substrate so far [37, 111]. Other reports of
substrate-targeting molecules are restricted to macromole-
cules such as antibodies or smaller peptidic compounds
[120]. One example is the humanized monoclonal antibody
eculizumab, which binds the complement protein C5 with
picomolar affinity and prevents its cleavage into pro-
inflammatory products by C5 convertase activity [121, 122].
Nevertheless, the concept of GSMs as substrate targeting
protease modulators could have far reaching implications for
drug development beyond the potential use of GSMs in AD
therapeutics. Very recently, two studies using other experi-
mental approaches have also produced conflicting data. In
the first study, binding of the NSAID GSM sulindac sulfide
to recombinant AB42 was demonstrated by surface plasmon
resonance and NMR spectroscopy providing support for tar-
geting of the substrate APP [38]. In the second study, a close
analog of the non-acidic GSM 9 (Fig. 14) was coupled to a
solid support (Affigel 10 agarose) and used for affinity
chromatography. This affinity ligand retained predominantly
PEN-2 and smaller amounts of the PSEN1 N-and C-terminal
fragments [36]. However, the experimental design in the first
study explored only the hypothesis that GSM might directly
interact with the A sequence, whereas in the second study it
was not investigated whether the affinity ligand preserved its
GSM activity after immobilization [36, 38]. Accordingly,
additional studies with structurally diverse and smaller
photo-affinity ligands based on GSMs with substantially
improved potency are highly anticipated. Elucidation of the
exact binding sites of GSM photo-probes could further be
aided by tandem mass spectrometry [123].

Beyond that, the molecular details of how GSMs cause
the observed shift in y-secretase cleavage specificity from
APB42 to AB38 remain largely unresolved. Potential explana-
tions include GSM-induced changes in substrate presentation
to the active site of y-secretase. In this respect, defined
movements of the APP TMD in the membrane might cause
more frequent exposure of the y38-cleavage site to the active
center of y-secretase and less frequent exposure of the y42-
cleavage site [26, 37]. Alternatively, and in accordance with
the sequential cleavage model of AP generation, GSMs may
strengthen the interaction between enzyme and substrate,
and, consequently, enhance the turnover from AB42 to AB38
peptides [34, 62, 68]. Finally, expanding on the sequential
cleavage model of AP generation, it has been proposed that
GSMs interfere with the dimerization of the substrate APP
and increase the accessibility of the y38-cleavage site to -
secretase. Such a mechanism could also favor the turnover of
APB42 and the production of shorter AP species such as AB38
[38]. However, cell lines expressing APP variants with muta-
tions in the GygXXXG3; dimerization motif, which lower
AB42 production and reduce dimerization strength, were
shown to be fully responsive to GSM treatment, arguing
against the proposition that GyoXXXGsz3 mutations and
GSMs reduce AB42 production through the same molecular
mechanism [124]. In any case, most of these explanations
remain speculative at this point, and high resolution struc-
tural data of a GSM bound to the y-secretase complex may
be required to fully understand the molecular mechanism of
GSMs.
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CHEMICAL DEVELOPMENT AND CLINICAL PER-
SPECTIVE OF y-SECRETASE MODULATORS

The critical issue for clinical development of GSls is
impairment of NOTCH processing, potentially leading to
severe side effects in vivo. None of the first generation
peptidic GSls elaborated after the Merck compound L-
685,458 (Fig. 4) [18] entered clinical trials, principally due
to the poor pharmacokinetics and ADME properties inherent
to peptides, which also applies to the docking site-targeting
helical peptides [20]. Further development yielded second
generation GSls, which have entered clinical trials in the last
years. Among the DAPT derivatives initiated by Elan/Lilly
[125] with C-terminal modifications (Fig. 6, LY-411,575,
Compound-E), only one derivative, (LY-450,139, Semagacestat,
Fig. 6) has been evaluated in two phase Il clinical trials in
2600 patients with mild to moderate AD. However, after a
recent interim analysis of the trials, clinical development of
LY-450,139 has been terminated. While the reasons for the
failure of LY-450,139 are not known at this point, the
suspension of the trials was attributable to enhanced
cognitive decline and an increased risk of skin cancer in
the treatment group as compared to placebo (Eli Lilly and
Company, press release August 17, 2010). The third genera-
tion NOTCH-sparing GSls with scaffolds typically centered
on sulfonamides have progressed more rapidly into clinical
testing, based on the assumption that drug dosage can
be adjusted within a therapeutic window to avoid extensive
NOTCH-related toxicity. The Bristol-Myers Squibb NOTCH-
sparing compound BMS-708,163 (Fig. 7) is currently in
phase Il (190-fold selectivity for APP over Notch) [126].
The 16-fold selective Begacestat (presently PF-5212362/
Pfizer, Fig. 7) and a NOTCH-sparing GSI structurally simi-
lar to MRK-0752 (structure undisclosed, recent Merck GSls
are documented in [127] and Fig. 11, compound 2) recently
completed phase | [128-130]. Another NOTCH-sparing
GSI from Elan, ELND-006, has entered Phase | (structure
undisclosed, for further reading see reference [131] and
compound 3 in Fig. 11).
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Fig. (11). NOTCH-sparing sulfonamides.

Preclinical studies indicate that gastrointestinal side-
effects and effectiveness in lowering AR levels and amyloid
plaque burden in AD mouse models are highly variable
between the different classes of GSls, with an overall better
tolerability for NOTCH-sparing GSls [24, 132, 133]. How-
ever, the distinction between early, non-selective GSls and
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Notch-sparing GSls remains somewhat ambiguous, and the
degree of selectivity may to a large extent depend on the
particular assays used to assess inhibition of APP and
NOTCH processing. In fact, a recent re-evaluation of early,
non-selective GSIs such as DAPT and compound-E
concluded that they displayed significant selectivity for
APP over NOTCH [134]. In addition, very little information
is available concerning the selectivity of NOTCH-sparing
GSls towards other substrates of y-secretase.

Importantly, the excellent NOTCH-selectivity of GSMs
presents a clear alternative to GSls, with outstanding per-
spectives for the development of safer disease-modifying
drugs targeting the y-secretase complex. The first GSMs
were discovered in the class of NSAIDs (Fig. 9), which,
initially motivated by positive findings in epidemiological
studies, have been investigated extensively in AD treatment
and prevention studies [135]. Since the initial observation in
1990 that patients with rheumatoid arthritis under NSAIDs
therapy were less likely to develop AD [136], numerous ret-
rospective and prospective epidemiological studies over the
past twenty years have supported the conclusion that chronic
intake of NSAIDs is associated with a 25-80% lower risk of
AD [137]. Several studies have further indicated that the
duration of NSAID exposure is critical, with longer NSAID
intake being associated with increased protection from AD
[136, 138-142]. In addition, NSAID GSMs, in particular
ibuprofen and indomethacin (Fig. 9), have demonstrated
therapeutic and preventive effects in several AD mouse
models in chronic dosing studies [143-150] (for a detailed
description of preclinical studies with NSAID GSMs in AD
mouse models, please see [26, 135]).

With AB42-lowering activity, and supported by positive
epidemiological and animal studies, NSAID GSMs could be
considered candidate drugs for treatment or prevention of
AD. However, for a variety of reasons, the prospects for
these drugs seem very limited today. (1) The mechanism
of action of NSAID GSMs in AD remains unexplained.
Besides COX, NSAIDs are known to engage a variety
of molecular targets, and multiple anti-inflammatory and
anti-amyloidogenic mechanisms have been proposed that
could explain their preventive effects in humans and animal
models (for a comprehensive discussion of these potential
mechanisms see [34]). This severely complicates the inter-
pretation of the epidemiological and preclinical studies with
NSAIDs, and also raises the possibility that synergistic ac-
tions through several targets might be responsible for their
efficacy in AD prevention. In the epidemiological studies,
the NSAID GSMs ibuprofen and indomethacin (Fig. 9)
belonged to the most frequently prescribed NSAIDs. For
example in a recent study by Vlad et al. in the US Veterans
Health Care System, with almost 250.000 subjects by far the
largest retrospective epidemiological study ever conducted,
ibuprofen accounted for 20.9% of all NSAID prescriptions
and was associated with a 40% risk reduction for AD in
cases with ibuprofen use >5 years [141]. Accordingly,
NSAID GSMs should have made a substantial contribution
to the reported inverse correlation between NSAID use and
AD risk as revealed in many epidemiological studies [138,
141]. Nevertheless, the published evidence does not support
the conclusion that NSAIDs GSMs are more protective than
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NSAIDs without GSM activity. (2) Despite the generally
mild toxicity profile of NSAIDs [151], the available data
from clinical studies clearly indicate that these drugs are
poorly tolerated in AD patients at standard prescription
doses. Long-term inhibition of COX is associated with
gastrointestinal and renal toxicity, and treatment studies
with NSAIDs in AD have frequently suffered from high
withdrawal rates [152, 153]. Moreover, a large, placebo-
controlled, primary prevention trial for AD (ADAPT) with
two non-GSM NSAIDs, naproxen and celecoxib, was sus-
pended, and retrospective analysis showed signs of increased
cardiovascular and cerebrovascular events in the NSAID-
treated groups, indicating that serious risks associated with
chronic NSAID consumption extend to elderly people with-
out signs of clinical dementia [154]. (3) Finally, and most
importantly, clinical studies conducted with the NSAID
GSMs indomethacin and (R)-flurbiprofen (Figs. 9, 10) have
not provided evidence for clinical efficacy in AD patients.
While the two published trials with indomethacin remain
ambiguous, with one trial reporting some slowing of symp-
tom progression in AD patients and the second trial showing
no significant differences in primary and secondary outcome
measures, the results of these trials remain difficult to inter-
pret because of their small size and high drop-out rate [152,
155]. In contrast, the recent failure of the large Phase Il1
clinical trial with (R)-flurbiprofen (tarenflurbil) appears con-
clusive. (R)-flurbiprofen, the (R)-enantiomer of the racemic
drug flurbiprofen, is only a weak GSM with an 1Csy = 200
uM, but was considered a promising drug candidate for
AD because of substantially reduced COX-activity and a
reported benign safety profile. Interestingly, the carboxylic
acid on aryl alkanoic acid GSMs (Fig. 9) appears to be
essential for the AP42-lowering activity, with ester ana-
logues behaving frequently as inverse GSMs [97]. However,
the early analysis of the structure-activity relationship (SAR)
on aryl alkanoic acid COX inhibitors indicated that the anal-
gesic activity is highly dependent on the absolute configura-
tion of the carboxylic acid alpha-carbon, with the (R)-
enantiomers being COX inactive. In a Phase Il trial, (R)-
flurbiprofen had shown some hints for clinical efficacy in a
subgroup of patients with mild AD and high plasma drug
levels [156]. This was followed by the largest Phase Il trial
ever conducted in patients with AD, in which 1684 patients
with mild AD were treated with 800 mg (R)-flurbiprofen
twice daily for 18 months. Unfortunately, this trial showed
no effect of (R)-flurbiprofen on primary cognitive and func-
tional outcome measures, and development of the drug was
discontinued [157]. While the reasons for the failure of the
trial may never be definitively known, one reasonable expla-
nation is that (R)-flurbiprofen did not succeed because of
insufficient brain penetration and target engagement. Limited
blood-brain-barrier permeability for numerous NSAIDs is
well documented, with typical brain to plasma ratios in the 1-
5 % range, due to their inadequate physical properties related
to molecular weight, total polar surface area and logP [91,
158]. In fact, a previously conducted phase | trial had not
observed significant reductions in plasma and CSF AP42
levels of healthy volunteers treated with the highest dose of
(R)-flurbiprofen used in the phase 3 trial [159]. Generally,
free drug concentrations in the range of 1Csy values are re-
quired to observe pharmacodynamic effects on a given target
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in brain. However, data from the Phase | trial and from pre-
vious animal studies indicated that maximal brain concentra-
tion of (R)-flurbiprofen were around 1-2 uM, around a 100-
fold below the concentrations required to lower AB42 levels
in tissue culture experiments. Thus, because of its poor
pharmacological properties, (R)-flurbiprofen was likely not a
credible drug candidate to test the hypothesis that GSMs are
able to slow or modify the disease course in AD.

In conclusion, while NSAID GSMs have been important
tools in basic and preclinical research, further exploration of
NSAID GSMs for treatment or prevention of AD appears
unlikely. For future clinical studies with GSMs, the lesson
from the (R)-flurbiprofen trial seems to be that compounds
with substantially improved potency and brain penetration
are needed to efficiently modulate y-secretase activity in
brain.

While many NSAID-type and non-acidic GSMs with
nanomolar to low micromolar potencies have been disclosed,
only scant preclinical and no clinical data have been pub-
lished for these second-generation GSMs. Chiesi has dis-
closed a variety of flurbiprofen analogues [160], including
the GSM CHF5074 (Fig. 12), with potencies often improved
as compared to the parent compound flurbiprofen. The SAR
analysis reported by Peretto et al. underlined the importance
of the aromatic extensions and carboxylic acids, with modi-
fied esters turning GSMs into inverse GSMs [161]. The re-
ported 1Cso values for AB42 inhibition in the low to high
micromolar range, although greatly improved with respect to
(R)-flurbiprofen, nevertheless contrast with the nanomolar
potencies typically obtained with current GSls. For example,
CHF5074 displayed an AB42 ICso of 40 uM. Noteworthy the
COX-activity has been nearly abolished due to the introduc-
tion of a cyclopropyl group in the carboxylic acid a-position
(Fig. 12) [161]. Chronic, 17-weeks treatment of the Tg2576
mouse model of AD with CHF5074 (375 ppm in the diet)
starting at 9-10 months of age resulted in 50-75% reduction
in amyloid plaque load in cerebral cortex and hippocampus,
and a 50% reduction in SDS and formic acid extractable
APB42 in brain[162]. The treatment was well tolerated, and
no NOTCH-related side effects were reported. However, a
previous short-term treatment study in the same mouse
model at 5-7 months of age (100-300 mg/kg/day for 4 days
by oral gavage) did not demonstrate changes in formic acid
extractable AB42 levels in brain, raising some questions
whether CHF5074 is centrally effective [163]. A second
long-term treatment study with CHF5074 in a different APP-
transgenic model demonstrated effects on amyloid plaque
load and insoluble AB42 levels in brain, but also reported
modest improvements in spatial memory deficits in the Mor-
ris water maze [164]. A first-in-man Phase la study with
CHF5074 is currently ongoing (Bruno Imbimbo, personal
communication).

Merck reported on several geminal dimethyl NSAID ana-
logues, with the best activities obtained with flurbiprofen
derivatives such as methylflurbiprofen (Fig. 12), which
achieved 67% AP42 inhibition at 100 pM in HEK293 cells.
The compound has been administered to the Tg2576 mouse
model of AD for three days at 21 mg/kg/day. Only a 20%
reduction in brain AB42 levels was observed although the
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(R)-Flurbiprofen

AB42 ICso = 150-200 uM

CHF5074 (Chiesi)
AB42 ICsq = 40 pM

(Cellzome WO2006045554)
AB42 ICso = 1-10 pM

Fig. (12). Ibuprofen-derived y-secretase modulators.

compounds bioavailability and stability proved satisfactory.
Further investigations indicated low brain penetration of the
compounds, with an average brain to plasma ratio of 3%
[165]. A subsequent patent [166] covered substituted pyri-
dines (4, Fig. 12) without disclosure of the obtained activities
and pharmacokinetics.

Cellzome reported interesting compounds with low mi-
cromolar activities obtained by further linking aromatics as
phenyl ethers (5, Fig. 12) [167]. Unfortunately, the pharma-
cokinetics and ADME properties for this scaffold are not
available. However, EnVivo pharmaceuticals disclosed the
activities of comparable aryl alkanoic acids from more than
3.000 phenyl ether analogues (6, Fig. 12, with one example
displaying an 1Cso for AB42 inhibition of 69 nM in HEK293
cells [168]). Although the pharmacokinetics are not dis-
closed, the EnVivo lead compound EVP-0962 (undisclosed
structure, AB42 1Cso = 114 nM) has been reported to reverse
memory deficits in Tg2576 mice [169].

Other phenylether-based compounds have been reported
as dual y-secretase/PPARy modulators [170]. Evidence indi-
cates that PPARY agonists might have multiple beneficial
effects in AD both on pathological processes in the brain and
on peripheral factors such as serum glucose levels and insu-
lin sensitivity that constitute potential risk factors for AD
[171]. The structure-activity relationship for the hybrid com-

Methylflurbiprofen (Merck)
Ap42 1C5p = 80-100 uM

cl o
>— CFs o. N_ _s
N o)
R4 0 | \r
o} COOH N
P / \ o)
5 IR 22
| Ra 6
~ { o
~O

(EnVivo 2009086277)
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pound 22 (Fig. 12) has been investigated, pointing to a
prevalent sensitivity of the scaffold in o-position to the car-
boxylic acid head group. In contrast, the aromatic backbone
was fairly tolerant to modifications within the investigated
substituents, although a significant preference for lipophilic
moieties was observed [170].

Along with the development of ibuprofen-derived GSMs,
several groups reported indomethacin analogues (Fig. 13).
Merck disclosed several tetrahydroindole/indole-based struc-
tures in two patents without information about the potencies
of the compounds [172, 173]. The carprofen-derived GSMs
are better documented, with activities in the low micromolar
range [174]. The authors reported a correlation between the
compounds potency and lipophilicity, with the best activities
obtained with N-alkylated derivatives (7, Fig. 13), suggest-
ing a potential membrane anchoring [175]. However, a
specific interaction with the y-secretase complex should not
be ruled out, as exemplified by N-alkylated cannabimimetic
indoles, whose alkylation correlated with increased binding
affinity to the receptor [176].

A novel class of compounds has appeared in the patent
literature, with structures clearly distinct from the above-
described NSAID-like GSMs, arising most probably from
the screening of compound libraries. Neurogenetics (pres-
ently Neurogenetic Pharmaceuticals) disclosed the structures
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Fig. (13). Indomethacin-derived y-secretase modulators.

of the NGX modulators [36, 177], characterized by two aro-
matic moieties linked through an aminothiazole heterocycle
(8, Fig. 14). Importantly, the carboxylic acid functionality,
which generally impedes the blood-brain-barrier crossing
of NSAIDs, has been removed from these compounds.
Most of the compounds disclosed in [177] displayed ICso
values in the 1-10 uM range with few compounds below
0.2 uM, and a later generation reaching low nanomolar po-
tencies [36]. The scaffold appears unexpectedly tolerant to
variations on the aromatic arms, but particularly sensitive
to the N-alkylation of the 2-aminothiazole. A characteristic
of these and other non-acidic GSMs is that they display
less selectivity for AB42 and tend to lower AB40 in addition
to AP42 levels, with a concomitant elevation of both AB38
and AB37 production [36, 178]. Most recently, pharmacoki-
netic and preclinical efficacy data has been reported for
one compound from this series (9, Fig. 14) [36]. After oral
dosing of mice with 9 (50 mg/kg) an excellent brain/plasma
drug concentration ratio of 0.93 was observed. Treatment
of Tg2576 mice with the same dose for 3 consecutive
days caused a significant 30% reduction in brain AB42
levels. Chronic long-term treatment of female Tg2576 mice
from 8-15 months with 9 (50 mg/kg/day in food) reduced
SDS-soluble as well as formic acid extractable AB40 and
APB42 levels by ~ 50%, and amyloid plaque load in cortex
and hippocampus by ~ 70%. No signs of NOTCH-related
toxicity were apparent upon histological evaluation of the
gastrointestinal tract [36]. Of note, the central thiazole
heterocycle of this compound class might be subject to
first pass metabolism [179]. For subsequent compounds de-
veloped in a research agreement with Eisai, the thiazoles
were replaced by an o,B-unsaturated amide (Eisai E-2012,
Fig. 14) [180, 181]. The compounds display nanomolar
activities for AB42 inhibition (E-2012 AB42 1C5, = 65 nM,;
[178]). However, neither the pharmacokinetics nor the selec-
tivity towards NOTCH processing have been disclosed.
Moreover, several o,f-unsaturated amides have been re-
ported to be subject to conjugate addition leading to covalent
adducts, which could substantially lower bioavailability of

AB42 IC5o = 13 pM

the compounds [182]. Nevertheless, Eisai resumed a phase |
clinical trial with E-2012 after providing data showing that
lenticular opacity, which was observed at high doses in rats,
could not be detected in monkeys.

Others have filed several patents with similarities in
structures and activities to the Eisai/NGX compounds. The
medicinal chemistry efforts were directed mostly at a better
substance biocompatibility, and at modifications of the
central o,B-unsaturated amide or thiazole linkers featured
by the compounds described above. For instance, Roche
disclosed the oxidation-resistant tetrahydrobenzothiazoles
and pyrimidines (10 and 11, Fig. 14) [183] with low to
high nanomolar activities. Linkers based on iminohydantoins
have been investigated at Schering-Plough and Merck,
providing compounds with an APB42 1Cs, of 158 nM,
(13, Fig. 14) [184-186]. They further disclosed compounds
based on orthogonally-substituted fused aromatics (14,
Fig. 14), unfortunately without information on the obtained
potencies and pharmacokinetics [187]. Amgen reported
structures with a urea linker (12, Fig. 14) that additionally
replaced the terminal imidazole, typically observed in
the Eisai and Roche compounds, by a pyridine (12, Fig. 14)
[188]. However, the potencies suffered from the change,
leading to moderate micromolar 1Csq values for AB42 inhibi-
tion. The pharmacokinetics for these compounds have
not been reported. Nevertheless, the predictably unstable
urea linker has been replaced by an amide in an Amgen
patent [189], which also yielded increased potencies (15,
Fig. 14).

Comparable structures have recently also been reported
by Merck [190, 191], based on pyrimidine and purine het-
erocycles with low nanomolar potencies (16 and 17, Fig. 15)
[192, 193]. The SAR analysis of the pyrimidine structures
indicated important hydrogen bonding contributions. The
subsequent purines (17, Fig. 15) displayed improved poten-
cies, in addition to the successful removal of the metaboli-
cally unstable methoxylphenyl piperazine [190]. Acute oral
dosing of an APP-transgenic mouse model of AD with 100
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mg/kg resulted in a 70% reduction of AB42 levels in brain,
and a satisfactory 34% brain/plasma concentration ratio.
Interestingly, modifications of the GSM scaffold not only
influenced the AP versus NOTCH selectivity, but also
the APB42 versus AB40 selectivity, indicating a disconnect
between the AB42 and AB40 inhibitory potencies (18 versus
19, Fig. 15). However, the structures may show some overlap
with known kinase inhibitors such as Gleevec (see Fig. 8)
[31]. However, data about potential off-target effects are not
disclosed or not available.

Up to now, the most convincing data demonstrating effi-
cient modulation of y-secretase activity in brain has been
reported for another acidic modulator, GSM-1 (AB42 ICsq =
100 nM, Fig. 16) [35, 194, 195]. A single dose of 3-30
mg/kg of GSM-1 was administered to APP-transgenic mice
by oral gavage, and animals were sacrificed 4 h later. Solu-
ble AB42 levels in brain showed a dose-dependent reduction
and reached 50% at a dose of 10 mg/kg as compared to vehi-
cle treated controls. Conversely, soluble AB38 levels in-
creased in a dose-dependent manner, whereas AB40 levels
showed no change [35]. These results indicate good
bioavailability and brain penetration. Interesting pharma-
cokinetics have indeed been reported for fluorinated deriva-
tives of GSM-1 (21, Fig. 16) with adequate bioavailability
and in vivo clearance. A satisfactory 53% brain/plasma drug
concentration ratio has been described for compound 21 in
rats, resulting in a dose-dependant lowering of AB42 brain
levels with an 1 pM 1Cs [105, 190]. The presented struc-
tures further suggest interplay between the lipophilicity and

Ap42 ICsy =10 M
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A[542 ECsp = 0.34 uM
(Roche, WO2009087127)

(Schering-Plough, WO2009073779)
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steric bulk of the substituents. An independent group has
reported additional SAR on compounds derived from these
Merck GSM-1 piperidine compounds, showing an excellent
74% brain/plasma concentration ratio for compound 20 (Fig.
16) [196]. Whether any of these potent GSMs with improved
biocompatibility have entered early phases of clinical testing
is unknown at this time.

CONCLUSIONS

Multiple lines of evidence indicate that oligomerization
and accumulation of toxic AP42 peptides in brain is a
triggering event in Alzheimer's disease. The aspartyl protease
v-secretase catalyses the last step in the cellular generation of
APB42 peptides and is a high-priority therapeutic target in
AD. y-Secretase modulators (GSMs) are small molecules
that selectively lower AB42 levels and shift the production of
A peptides to shorter and less toxic species. In contrast to
non-selective y-secretase inhibitors, GSMs do not affect pro-
teolytic processing of other physiologically important sub-
strates of the y-secretase complex including the NOTCH
receptor. Consequently, GSMs might be candidate drugs for
future prevention trials in AD that aim to halt the pathologi-
cal process before cognitive impairment occurs. The first
GSMs were discovered in the class of non-steroidal anti-
inflammatory drugs (NSAIDs). However, NSAIDs with GSM
activity suffer from low potency and brain permeability,
and toxicity associated with cyclooxygenase inhibition.
Hence, while NSAID GSMs have been important tools in
basic and preclinical research, further exploration of NSAID
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GSMs for treatment or prevention of AD appears unlikely.
Most importantly, the lesson from the failed phase Il clini-
cal trial with (R)-flurbiprofen in AD seems to be that com-
pounds with substantially improved potency and brain pene-
tration are needed to efficiently modulate y-secretase activity
in brain. A major obstacle for the design of more potent
GSMs with improved biocompatibility has been the lack of a
three dimensional structure of the y-secretase complex, im-
peding rational drug design. Nevertheless, recently, GSMs
with nanomolar potency and good brain exposure have been
described. These compounds can be divided in two major
classes, acidic GSMs that retain some structural similarities
to NSAIDs and non-acidic GSMs based on bridged aromat-
ics. Important questions remain concerning these second-
generation GSMs including their exact molecular mechanism

Ap42 ICsy = 640 nM

of action and their efficacy in preclinical mouse models of
AD, particularly with respect to behavioral endpoints. Given
the rapid progress in GSM development documented in re-
cent publications and patent applications, early-phase clinical
trials of potent GSMs are to be expected soon.
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ABBREVIATIONS

AB = Amyloid-f peptide

AD = Alzheimer’s disease

ADAPT = Alzheimer’s disease anti-inflammatory
prevention trial

ADME = Absorption Distribution Metabolism
Elimination

AICD = APP intracellular domain

APH-1 = Anterior pharynx defective-1

APLP1 = Amyloid-precursor-like-protein 1

APP = Amyloid precursor protein

ATP = Adenosinetriphosphate

BACE1 = [-site APP-cleaving enzyme 1

C99 = C-terminal 99 amino acid fragment of APP

CHAPSO = 3-[(3-Cholamidopropyl) dimethylammo-
nio]-2-hydroxy-1-propanesulfonate

CTF = C-terminal fragment

COX = Cyclooxygenase

DAPT = N-(N-(3,5-difluorophenacetyl)-L-alanyl)-
S-phenylglycine-t-butylester

DSL = Delta/Serrate/LAG-2 (family of proteins)

FAD = early-onset familial Alzheimer’s disease

Flurbi-BpB = Flurbiprofen with a photoactive benzophe-
none moiety and a biotin tag

GSI = y-Secretase inhibitor

GSM = y-Secretase modulator

HEK = Human embryonic kidney

HIV = Human immundeficiency virus
HTS = High Throughput Screening

ICD = Intracellular cytoplasmic domain
I-CLiP = Intramembrane-cleaving protease
uM = Micromolar

NpB = Ap-like NOTCH peptide

NEXT = NOTCH extracellular truncation
NICD = Notch intracellular domain

NFT = Neurofibrillary tangles

NSAID = Non-steroidal anti-inflammatory drug
NTF = N-terminal fragment

PEN-2 = Presenilin enhancer-2

PSEN1/2 = Presenilin1/2

ROCK = Rho kinase

SAR = Structure-activity relationship

Bulic et al.
SDS = Sodium dodecyl sulphate
SPP = Signal peptide peptidase
TMD = Transmembrane domain
REFERENCES
[1] Wancata, J.; Musalek, M.; Alexandrowicz, R.; Krautgartner, M.

[2]
(31
[4]
[5]

[6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Number of dementia sufferers in Europe between the years 2000
and 2050. Eur. Psychiatry, 2003, 18(6), 306-313.

Selkoe, D.J. Alzheimer's disease: genes, proteins, and therapy.
Physiol. Rev., 2001, 81(2), 741-766.

Golde, T.E. Alzheimer disease therapy: Can the amyloid cascade
be halted? J. Clin. Invest., 2003, 111(1), 11-18.

Hardy, J. The amyloid hypothesis for Alzheimer's disease: a critical
reappraisal. J. Neurochem., 2009, 110, 1129-1134.

Scheuner, D.; Eckman, C.; Jensen, M.; Song, X.; Citron, M,;
Suzuki, N.; Bird, T.D.; Hardy, J.; Hutton, M.; Kukull, W.; Larson,
E.; Levy-Lahad, E.; Viitanen, M.; Peskind, E.; Poorkaj, P.;
Schellenberg, G.; Tanzi, R.; Wasco, W.; Lannfelt, L.; Selkoe, D.;
Younkin, S. Secreted amyloid beta-protein similar to that in the
senile plagues of Alzheimers disease is increased in vivo by the
presenilin 1 and 2 and APP mutations linked to familial Alzheimers
disease. Nat.Med., 1996, 2(8), 864-869.

Jan, A.; Gokce, O.; Luthi-Carter, R.; Lashuel, H.A. The ratio of
monomeric to aggregated forms of Abeta40 and Abetad2 is an
important determinant of amyloid-beta aggregation, fibrillogenesis,
and toxicity. J. Biol. Chem., 2008, 283(42), 28176-28189.

Kim, J.; Onstead, L., Randle, S.; Price, R.; Smithson, L.;
Zwizinski, C.; Dickson, D.W.; Golde, T.; McGowan, E. Abeta40
inhibits amyloid deposition in vivo. J. Neurosci., 2007, 27(3), 627-
633.

Kuperstein, 1.; Broersen, K.; Benilova, I.; Rozenski, J.; Jonckheere,
W.; Debulpaep, M.; Vandersteen, A.; Segers-Nolten, I.; Van Der
Werf, K.; Subramaniam, V.; Braeken, D.; Callewaert, G.; Bartic,
C.; D'Hooge, R.; Martins, I.C.; Rousseau, F.; Schymkowitz, J.; De
Strooper, B. Neurotoxicity of Alzheimer's disease Abeta peptides is
induced by small changes in the Abeta(42) to Abeta(40) ratio.
EMBO J, 2010, 29, 3408-3420.

Snyder, SW.; Ladror, U.S.; Wade, W.S.; Wang, G.T.; Barrett,
L.W.; Matayoshi, E.D.; Huffaker, H.J.; Krafft, G.A.; Holzman, T.F.
Amyloid-beta aggregation: selective inhibition of aggregation in
mixtures of amyloid with different chain lengths. Biophys. J, 1994,
67(3), 1216-1228.

Wang, R.; Wang, B.; He, W.; Zheng, H. Wild-type presenilin 1
protects against Alzheimer disease mutation-induced amyloid
pathology. J. Biol. Chem., 2006, 281(22), 15330-15336.

Larner, AJ.; Doran, M. Clinical phenotypic heterogeneity of
Alzheimer's disease associated with mutations of the presenilin-1
gene. J. Neurol., 2006, 253(2), 139-158.

Price, J.L.; Morris, J.C. Tangles and plaques in nondemented aging
and "preclinical” Alzheimer's disease. Ann. Neurol., 1999, 45(3),
358-368.

Rabinovici, G.D.; Jagust, W.J. Amyloid imaging in aging and
dementia: testing the amyloid hypothesis in vivo. Behav. Neurol.,
2009, 21(1), 117-128.

Frisoni, G.B.; Fox, N.C.; Jack, C.R., Jr.; Scheltens, P.; Thompson,
P.M. The clinical use of structural MRI in Alzheimer disease. Nat.
Rev. Neurol., 2010, 6(2), 67-77.

Citron, M. Alzheimer's disease: strategies for disease modification.
Nat. Rev. Drug Discov., 2010, 9(5), 387-398.

Haass, C.; Selkoe, D.J. Soluble protein oligomers in neuro-
degeneration: lessons from the Alzheimer's amyloid beta-peptide.
Nat. Rev. Mol. Cell Biol., 2007, 8(2), 101-112.

Tomita, T. Secretase inhibitors and modulators for Alzheimer's
disease treatment. Expert Rev. Neurother., 2009, 9(5), 661-679.
Shearman, M.S.; Beher, D.; Clarke, E.E.; Lewis, H.D.; Harrison,
T.; Hunt, P.; Nadin, A.; Smith, A.L.; Stevenson, G.; Castro, J.L. L-
685,458, an aspartyl protease transition state mimic, is a potent
inhibitor of amyloid beta-protein precursor gamma-secretase
activity. Biochemistry, 2000, 39(30), 8698-8704.

Nadin, A.; Owens, A.P.; Castro, J.L.; Harrison, T.; Shearman, M.S.
Synthesis and gamma-secretase activity of APP substrate-based



Chemical Biology, Molecular Mechanism and Clinical Perspective

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

hydroxyethylene dipeptide isosteres. Bioorg. Med. Chem. Lett.,
2003, 13(1), 37-41.

Kornilova, A.Y.; Bihel, F.; Das, C.; Wolfe, M.S. The initial
substrate-binding site of {gamma}-secretase is located on
presenilin near the active site. Proc. Natl. Acad. Sci. U. S. A., 2005,
102, 3230-3235.

Morohashi, Y.; Kan, T.; Tominari, Y.; Fuwa, H.; Okamura, Y.;
Watanabe, N.; Sato, C.; Natsugari, H.; Fukuyama, T.; lwatsubo, T.;
Tomita, T. Carboxyl-terminal fragment of presenilin is the
molecular target of a dipeptidic gamma -secretase-specific inhibitor
DAPT. J. Biol. Chem., 2006, 281(21), 14670-14676.

Clarke, E.E.; Churcher, L.; Ellis, S.; Wrigley, J.D.; Lewis, H.D;
Harrison, T.; Shearman, M.S.; Beher, D. Intra- or inter-complex
binding to the gamma -secretase enzyme: A model to differentiate
inhibitor classes. J. Biol. Chem., 2006, 281(42), 31279-31289.
Tian, G.; Ghanekar, S.V.; Aharony, D.; Shenvi, A.B.; Jacobs, R.T.;
Liu, X.; Greenberg, B.D. The mechanism of gamma -secretase.
Multiple inhibitor binding sites for transition state analogs
and small molecule inhibitors. J. Biol. Chem., 2003, 278(31),
28968-28975.

Martone, R.L.; Zhou, H.; Atchison, K.; Comery, T.; Xu, J.Z;
Huang, X.; Gong, X.; Jin, M.; Kreft, A.; Harrison, B.; Mayer, S.C.;
Aschmies, S.; Gonzales, C.; Zaleska, M.M.; Riddell, D.R.; Wagner,
E.; Lu, P.; Sun, S.C.; Sonnenberg-Reines, J.; Oganesian, A.;
Adkins, K.; Leach, M.W.; Clarke, D.W.; Huryn, D.; Abou-Gharbia,
M.; Magolda, R.; Bard, J.; Frick, G.; Raje, S.; Forlow, S.B.; Balliet,
C.; Burczynski, M.E.; Reinhart, P.H.; Wan, H.l.; Pangalos, M.N.;
Jacobsen, J.S. Begacestat (GSI-953): a novel, selective thiophene
sulfonamide inhibitor of amyloid precursor protein gamma-
secretase for the treatment of Alzheimer's disease. J. Pharmacol.
Exp. Ther., 2009, 331(2), 598-608.

Seiffert, D.; Bradley, J.D.; Rominger, C.M.; Rominger, D.H.;
Yang, F.; Meredith, J.E., Jr.; Wang, Q.; Roach, A.H.; Thompson,
L.A.; Spitz, S.M.; Higaki, J.N.; Prakash, S.R.; Combs, A.P.;
Copeland, R.A.; Arneric, S.P.; Hartig, P.R.; Robertson, D.W,;
Cordell, B.; Stern, A.M.; Olson, R.E.; Zaczek, R. Presenilin-1 and -
2 are molecular targets for gamma -secretase inhibitors. J. Biol.
Chem., 2000, 275(44), 34086-34091.

Leuchtenberger, S.; Beher, D.; Weggen, S. Selective modulation of
Abetad2 production in Alzheimer's disease: non-steroidal anti-
inflammatory drugs (NSAIDs) and beyond. Curr. Pharm. Des.,
2006, 12(33), 4337-4355.

Fortini, M.E. Notch signaling: the core pathway and its
posttranslational regulation. Dev. Cell, 2009, 16(5), 633-647.
Kopan, R.; llagan, M.X. The canonical Notch signaling pathway:
unfolding the activation mechanism. Cell, 2009, 137(2), 216-233.
Mayer, S.C.; Kreft, A.F.; Harrison, B.; Abou-Gharbia, M.; Antane,
M.; Aschmies, S.; Atchison, K.; Chlenov, M.; Cole, D.C.; Comery,
T.; Diamantidis, G.; Ellingboe, J.; Fan, K.; Galante, R.; Gonzales,
C.; Ho, D.M.; Hoke, M.E.; Hu, Y.; Huryn, D.; Jain, U.; Jin, M,;
Kremer, K.; Kubrak, D.; Lin, M.; Lu, P.; Magolda, R.; Martone, R.;
Moore, W.; Oganesian, A.; Pangalos, M.N.; Porte, A.; Reinhart, P.;
Resnick, L.; Riddell, D.R.; Sonnenberg-Reines, J.; Stock, J.R.;
Sun, S.C.; Wagner, E.; Wang, T.; Woller, K.; Xu, Z.; Zaleska,
M.M.; Zeldis, J.; Zhang, M.; Zhou, H.; Jacobsen, J.S. Discovery
of begacestat, a Notch-1-Sparing gamma-Secretase inhibitor for
the treatment of Alzheimer's Disease. J. Med. Chem., 2008, 51,
7348-7351.

Fraering, P.C.; Ye, W.; Lavoie, M.J.; Ostaszewski, B.L.; Selkoe,
D.J.; Wolfe, M.S. gamma -Secretase substrate selectivity can be
modulated directly via interaction with a nucleotide binding site. J.
Biol. Chem., 2005, 280, 41987-41996.

Netzer, W.J.; Dou, F.; Cai, D.; Veach, D.; Jean, S.; Li, Y.
Bornmann, W.G.; Clarkson, B.; Xu, H.; Greengard, P. Gleevec
inhibits beta-amyloid production but not Notch cleavage. Proc.
Natl. Acad. Sci. U. S. A., 2003, 100(21), 12444-12449.

Wu, F.; Schweizer, C.; Rudinskiy, N.; Taylor, D.M.; Kazantsev,
A.; Luthi-Carter, R.; Fraering, P.C. Novel {gamma}-secretase
inhibitors uncover a common nucleotide-binding site in JAK3,
SIRT2, and PS1. FASEB J, 2010, 24, 2664-2674.

Weggen, S.; Eriksen, J.L.; Das, P.; Sagi, S.A.; Wang, R.; Pietrzik,
C.U.; Findlay, K.A.; Smith, T.E.; Murphy, M.P.; Bulter, T.; Kang,
D.E.; Marquez-Sterling, N.; Golde, T.E.; Koo, E.H. A subset of
NSAIDs lower amyloidogenic Abetad2 independently of
cyclooxygenase activity. Nature, 2001, 414(6860), 212-216.

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Current Neuropharmacology, 2011, Vol. 9, No. 4 617

Weggen, S.; Rogers, M.; Eriksen, J. NSAIDs: small molecules for
prevention of Alzheimer's disease or precursors for future drug
development? Trends Pharmacol. Sci., 2007, 28(10), 536-543.
Page, R.M.; Baumann, K.; Tomioka, M.; Perez-Revuelta, B.l;
Fukumori, A.; Jacobsen, H.; Flohr, A.; Luebbers, T.; Ozmen, L.;
Steiner, H.; Haass, C. Generation of Abeta 38 and Abeta 42 is
independently and differentially affected by FAD-associated
presenilin 1 mutations and gamma -secretase modulation. J. Biol.
Chem., 2008, 283(2), 677-683.

Kounnas, M.Z.; Danks, A.M.; Cheng, S.; Tyree, C.; Ackerman, E.;
Zhang, X.; Ahn, K.; Nguyen, P.; Comer, D.; Mao, L.; Yu, C,;
Pleynet, D.; Digregorio, P.J.; Velicelebi, G.; Stauderman, K.A;;
Comer, W.T.; Mobley, W.C.; Li, Y.M.; Sisodia, S.S.; Tanzi, R.E,;
Wagner, S.L. Modulation of gamma-Secretase reduces beta-
amyloid deposition in a transgenic mouse model of Alzheimer's
Disease. Neuron, 2010, 67(5), 769-780.

Kukar, T.L.; Ladd, T.B.; Bann, M.A.; Fraering, P.C.; Narlawar, R.;
Maharvi, G.M.; Healy, B.; Chapman, R.; Welzel, A.T.; Price,
R.W.; Moore, B.; Rangachari, V.; Cusack, B.; Eriksen, J.; Jansen-
West, K.; Verbeeck, C.; Yager, D.; Eckman, C.; Ye, W.; Sagi, S.;
Cottrell, B.A.; Torpey, J.; Rosenberry, T.L.; Fauq, A.; Wolfe, M.S;
Schmidt, B.; Walsh, D.M.; Koo, E.H.; Golde, T.E. Substrate-
targeting gamma-secretase modulators. Nature, 2008, 453(7197),
925-929.

Richter, L.; Munter, L.M.; Ness, J.; Hildebrand, P.W.; Dasari, M.;
Unterreitmeier, S.; Bulic, B.; Beyermann, M.; Gust, R.; Reif, B.;
Weggen, S.; Langosch, D.; Multhaup, G. Amyloid beta 42 peptide
(Abeta42)-lowering compounds directly bind to Abeta and interfere
with amyloid precursor protein (APP) transmembrane dimerization.
Proc. Natl. Acad. Sci. U. S. A, 2010, 107(33), 14597-14602.

Erez, E.; Fass, D.; Bibi, E. How intramembrane proteases bury
hydrolytic reactions in the membrane. Nature, 2009, 459(7245),
371-378.

Wolfe, M.S. The gamma-Secretase Complex: membrane-embedded
proteolytic Ensemble. Biochemistry, 2006, 45(26), 7931-7939.
Steiner, H.; Fluhrer, R.; Haass, C. Intramembrane proteolysis by
gamma-secretase. J. Biol. Chem., 2008, 283(44), 29627-29631.
Bergmans, B.A.; De Strooper, B. gamma-secretases: from
cell biology to therapeutic strategies. Lancet Neurol., 2010, 9(2),
215-226.

Chavez-Gutierrez, L.; Tolia, A.; Maes, E.; Li, T.; Wong, P.C.; de
Strooper, B. Glu(332) in the Nicastrin ectodomain is essential for
gamma-secretase complex maturation but not for its activity. J.
Biol. Chem., 2008, 283(29), 20096-20105.

Shah, S.; Lee, S.F.; Tabuchi, K.; Hao, Y.H.; Yu, C.; LaPlant, Q.;
Ball, H.; Dann, C.E., 3rd; Sudhof, T.; Yu, G. Nicastrin functions as
a gamma-secretase-substrate receptor. Cell, 2005, 122(3), 435-447.
Zhao, G.; Liu, Z.; llagan, M.X.; Kopan, R. {gamma}-Secretase
composed of PS1/Pen2/Aphla can cleave notch and amyloid
precursor protein in the absence of Nicastrin. J. Neurosci., 2010,
30(5), 1648-1656.

Futai, E.; Yagishita, S.; Ishiura, S. Nicastrin is dispensable for
gamma -secretase protease activity in the presence of specific
presenilin mutations. J. Biol. Chem., 2009, 284, 13013-13022.
Chen, A.C,; Guo, L.Y.; Ostaszewski, B.L.; Selkoe, D.J.; Lavoie,
M.J. APH-1 associates directly with full-length and C-terminal
fragments of gamma-secretase substrates. J. Biol. Chem., 2010,
285, 11378-11391.

Hasegawa, H.; Sanjo, N.; Chen, F.; Gu, Y.J.; Shier, C.; Petit, A;
Kawarai, T.; Katayama, T.; Schmidt, S.D.; Mathews, P.M.;
Schmitt-Ulms, G.; Fraser, P.E.; St George-Hyslop, P. Both the
sequence and length of the C terminus of PEN-2 are critical for
intermolecular interactions and function of presenilin complexes. J.
Biol. Chem., 2004, 279(45), 46455-46463.

Prokop, S.; Shirotani, K.; Edbauer, D.; Haass, C.; Steiner, H.
Requirement of PEN-2 for stabilization of the presenilin N-/C-
terminal fragment heterodimer within the gamma-secretase
complex. J. Biol. Chem., 2004, 279(22), 23255-23261.

Sato, T.; Diehl, T.S.; Narayanan, S.; Funamoto, S.; lhara, Y.; De
Strooper, B.; Steiner, H.; Haass, C.; Wolfe, M.S. Active gamma -
secretase complexes contain only one of each component. J. Biol.
Chem., 2007, 282, 33985-33993.

Wolfe, M.S.; Xia, W.; Ostaszewski, B.L.; Diehl, T.S.; Kimberly,
W.T.; Selkoe, D.J. Two transmembrane aspartates in presenilin-1



618 Current Neuropharmacology, 2011, Vol. 9, No. 4

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

required for presenilin endoproteolysis and gamma-secretase
activity. Nature, 1999, 398(6727), 513-517.

Tolia, A.; De Strooper, B. Structure and function of gamma-
secretase. Semin. Cell Dev. Biol., 2009, 20(2), 211-218.

Sato, C.; Morohashi, Y.; Tomita, T.; Iwatsubo, T. Structure of the
catalytic pore of gamma-secretase probed by the accessibility of
substituted cysteines. J. Neurosci., 2006, 26(46), 12081-12088.
Tolia, A.; Chavez-Gutierrez, L.; De Strooper, B. Contribution of
presenilin Transmembrane domains 6 and 7 to a water-containing
cavity in the {gamma}-Secretase complex. J. Biol. Chem., 2006,
281(37), 27633-27642.

Sato, C.; Takagi, S.; Tomita, T.; lwatsubo, T. The C-terminal PAL
motif and transmembrane domain 9 of presenilin 1 are involved in
the formation of the catalytic pore of the gamma-secretase. J.
Neurosci., 2008, 28(24), 6264-6271.

Tolia, A.; Horre, K.; De Strooper, B. Transmembrane domain 9 of
presenilin determines the dynamic conformation of the catalytic
site of gamma -secretase. J. Biol. Chem., 2008, 283, 19793-19803.
Feng, L.; Yan, H.; Wu, Z.; Yan, N.; Wang, Z.; Jeffrey, P.D.; Shi,
Y. Structure of a site-2 protease family intramembrane
metalloprotease. Science, 2007, 318(5856), 1608-1612.

Wang, Y.; Zhang, Y.; Ha, Y. Crystal structure of a rhomboid
family intramembrane protease. Nature, 2006, 444, 179-180.

Wu, Z.; Yan, N.; Feng, L.; Oberstein, A.; Yan, H.; Baker, R.P.; Gu,
L.; Jeffrey, P.D.; Urban, S.; Shi, Y. Structural analysis of a
rhomboid family intramembrane protease reveals a gating
mechanism for substrate entry. Nat. Struct. Mol. Biol., 2006,
13(12), 1084-1091.

Yamasaki, A.; Eimer, S.; Okochi, M.; Smialowska, A.; Kaether, C.;
Baumeister, R.; Haass, C.; Steiner, H. The GxGD motif of
presenilin  contributes to catalytic function and substrate
identification of gamma-secretase. J. Neurosci., 2006, 26(14),
3821-3828.

De Strooper, B. Loss-of-function presenilin mutations in Alzheimer
disease. Talking Point on the role of presenilin mutations in
Alzheimer disease. EMBO Rep., 2007, 8(2), 141-146.

Qi-Takahara, Y.; Morishima-Kawashima, M.; Tanimura, Y.
Dolios, G.; Hirotani, N.; Horikoshi, Y.; Kametani, F.; Maeda, M.;
Saido, T.C.; Wang, R.; lhara, Y. Longer forms of amyloid beta
protein: implications for the mechanism of intramembrane cleavage
by gamma-secretase. J. Neurosci., 2005, 25(2), 436-445.

Sato, T.; Dohmae, N.; Qi, Y.; Kakuda, N.; Misonou, H.;
Mitsumori, R.; Maruyama, H.; Koo, E.H.; Haass, C.; Takio, K
Morishima-Kawashima, M.; Ishiura, S.; lhara, Y. Potential link
between amyloid beta-protein 42 and C-terminal fragment gamma
49-99 of beta-amyloid precursor protein. J. Biol. Chem., 2003,
278(27), 24294-24301.

Lichtenthaler, S.F.; Wang, R.; Grimm, H.; Uljon, S.N.; Masters,
C.L.; Beyreuther, K. Mechanism of the cleavage specificity of
Alzheimer's disease gamma-secretase identified by phenylalanine-
scanning mutagenesis of the transmembrane domain of the amyloid
precursor protein. Proc. Natl. Acad. Sci. U. S. A., 1999, 96(6),
3053-3058.

Funamoto, S.; Morishima-Kawashima, M.; Tanimura, Y.; Hirotani,
N.; Saido, T.C.; Ihara, Y. Truncated Carboxyl-Terminal fragments
of beta-Amyloid precursor protein are processed to Amyloid beta-
Proteins 40 and 42. Biochemistry, 2004, 43(42), 13532-13540.
Zhao, G.; Cui, M.Z.; Mao, G.; Dong, Y.; Tan, J.; Sun, L.; Xu, X.
gamma -cleavage is dependent on zeta -cleavage during the
proteolytic processing of amyloid precursor protein within its
transmembrane domain. J. Biol. Chem., 2005, 280(45), 37689-
37697.

Kakuda, N.; Funamoto, S.; Yagishita, S.; Takami, M.; Osawa, S.;
Dohmae, N.; lhara, Y. Equimolar production of amyloid beta -
protein and APP intracellular domain from beta -carboxyl terminal
fragment by gamma -secretase. J. Biol. Chem., 2006, 281, 14776~
14786.

Takami, M.; Nagashima, Y.; Sano, Y.; Ishihara, S.; Morishima-
Kawashima, M.; Funamoto, S.; lhara, Y. {gamma}-Secretase:
Successive tripeptide and tetrapeptide release from the
transmembrane domain of {beta}-Carboxyl terminal fragment. J.
Neurosci., 2009, 29(41), 13042-13052.

Beher, D.; Wrigley, J.D.; Owens, A.P.; Shearman, M.S. Generation
of C-terminally truncated amyloid-beta peptides is dependent on
gamma-secretase activity. J. Neurochem., 2002, 82(3), 563-575.

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

Bulic et al.

Czirr, E.; Cottrell, B.A.; Leuchtenberger, S.; Kukar, T.; Ladd, T.B.;
Esselmann, H.; Paul, S.; Schubenel, R.; Torpey, J.W.; Pietrzik,
C.U.; Golde, T.E.; Wiltfang, J.; Baumann, K.; Koo, E.H.; Weggen,
S. Independent generation of Abeta 42 and Abeta 38 peptide
species by gamma -secretase. J. Biol. Chem., 2008, 283, 17049-
17054.

Chandu, D.; Huppert, S.S.; Kopan, R. Analysis of transmembrane
domain mutants is consistent with sequential cleavage of Notch by
gamma-secretase. J. Neurochem., 2005, 96, 228-235.

Okochi, M.; Steiner, H.; Fukumori, A.; Tanii, H.; Tomita, T.;
Tanaka, T.; lwatsubo, T.; Kudo, T.; Takeda, M.; Haass, C.
Presenilins mediate a dual intramembranous gamma-secretase
cleavage of Notch-1. EMBO J, 2002, 21(20), 5408-5416.

Russ, W.P.; Engelman, D.M. The GxxxG motif: a framework for
transmembrane helix-helix association. J. Mol. Biol., 2000, 296(3),
911-919.

Beel, AJ.; Sanders, C.R. Substrate specificity of gamma-secretase
and other intramembrane proteases. Cell Mol. Life Sci., 2008,
65(9), 1311-1334.

Munter, L.M.; Voigt, P.; Harmeier, A.; Kaden, D.; Gottschalk,
K.E.; Weise, C.; Pipkorn, R.; Schaefer, M.; Langosch, D
Multhaup, G. GxxxG motifs within the amyloid precursor protein
transmembrane sequence are critical for the etiology of Abeta42.
EMBO J, 2007, 26(6), 1702-1712.

Kienlen-Campard, P.; Tasiaux, B.; Van Hees, J.; Li, M,
Huysseune, S.; Sato, T.; Fei, J.Z.; Aimoto, S.; Courtoy, P.J.; Smith,
S.0.; Constantinescu, S.N.; Octave, J.N. Amyloidogenic processing
but not aicd production requires a precisely oriented APP dimer
assembled by transmembrane GXXXG motifs. J. Biol. Chem.,
2008, 283, 7733-7744.

Eggert, S.; Midthune, B.; Cottrell, B.; Koo, E.H. Induced
dimerization of the amyloid precursor protein leads to decreased
amyloid-beta protein production. J. Biol. Chem., 2009, 284, 28943-
28952.

Sato, T.; Tang, T.C.; Reubins, G.; Fei, J.Z.; Fujimoto, T.; Kienlen-
Campard, P.; Constantinescu, S.N.; Octave, J.N.; Aimoto, S;
Smith, S.O. A helix-to-coil transition at the epsilon-cut site in
the transmembrane dimer of the amyloid precursor protein is
required for proteolysis. Proc. Natl. Acad. Sci. U. S. A., 2009,
106(5), 1421-1426.

Vooijs, M.; Schroeter, E.H.; Pan, Y.; Blandford, M.; Kopan, R.
Ectodomain shedding and intramembrane cleavage of mammalian
Notch proteins is not regulated through oligomerization. J. Biol.
Chem., 2004, 279(49), 50864-50873.

Ren, Z.; Schenk, D.; Basi, G.S.; Shapiro, I.P. APP Juxtamembrane
domain regulates specificity of gamma -secretase-dependent
cleavages. J. Biol. Chem., 2007, 282, 35350-35360.

Chen, F.; Hasegawa, H.; Schmitt-Ulms, G.; Kawarai, T.; Bohm, C,;
Katayama, T.; Gu, Y.; Sanjo, N.; Glista, M.; Rogaeva, E.;
Wakutani, Y.; Pardossi-Piquard, R.; Ruan, X., Tandon, A
Checler, F.; Marambaud, P.; Hansen, K.; Westaway, D.; St George-
Hyslop, P.; Fraser, P. TMP21 is a presenilin complex component
that modulates gamma-secretase but not epsilon-secretase activity.
Nature, 2006, 440(7088), 1208-1212.

Shapiro, I.P.; Basi, G.S.; Ren, Z. Compositions and methods for
identifying substrate specificity of inhibitors of gamma secretase.
WO Patent WO2009012237 (A1), 2009.

Beher, D.; Graham, S.L. Protease inhibitors as potential disease-
modifying therapeutics for Alzheimer's disease. Expert Opin.
Investig. Drugs, 2005, 14(11), 1385-1409.

Esler, W.P.; Kimberly, W.T.; Ostaszewski, B.L.; Diehl, T.S,;
Moore, C.L.; Tsai, J.Y.; Rahmati, T.; Xia, W.; Selkoe, D.J.; Wolfe,
M.S. Transition-state analogue inhibitors of gamma-secretase bind
directly to presenilin-1. Nat. Cell Biol., 2000, 2(7), 428-434.

Li, Y.M.; Xu, M.; Lai, M.T.; Huang, Q.; Castro, J.L.; DiMuzio-
Mower, J.; Harrison, T.; Lellis, C.; Nadin, A.; Neduvelil, J.G;
Register, R.B.; Sardana, M.K.; Shearman, M.S.; Smith, A.L.; Shi,
X.P.; Yin, K.C.; Shafer, J.A.; Gardell, S.J. Photoactivated gamma-
secretase inhibitors directed to the active site covalently label
presenilin 1. Nature, 2000, 405(6787), 689-694.

Fuwa, H.; Takahashi, Y.; Konno, Y.; Watanabe, N.; Miyashita, H.;
Sasaki, M.; Natsugari, H.; Kan, T.; Fukuyama, T.; Tomita, T.;
Iwatsubo, T. Divergent synthesis of multifunctional molecular
probes to elucidate the enzyme specificity of dipeptidic gamma-
secretase inhibitors. ACS Chem. Biol., 2007, 2(6), 408-418.



Chemical Biology, Molecular Mechanism and Clinical Perspective

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Esler, W.P.; Kimberly, W.T.; Ostaszewski, B.L.; Ye, W.; Diehl,
T.S.; Selkoe, D.J.; Wolfe, M.S. Activity-dependent isolation of the
presenilin- gamma -secretase complex reveals nicastrin and a
gamma substrate. Proc. Natl. Acad. Sci. U. S. A., 2002, 99(5),
2720-2725.

Tian, G.; Sobotka-Briner, C.D.; Zysk, J.; Liu, X.; Birr, C,;
Sylvester, M.A.; Edwards, P.D.; Scott, C.D.; Greenberg, B.D.
Linear non-competitive inhibition of solubilized human gamma-
secretase by pepstatin A methylester, L685458, sulfonamides, and
benzodiazepines. J. Biol. Chem., 2002, 277(35), 31499-31505.
Fuwa, H.; Hiromoto, K.; Takahashi, Y.; Yokoshima, S.; Kan, T,;
Fukuyama, T.; Iwatsubo, T.; Tomita, T.; Natsugari, H. Synthesis of
biotinylated photoaffinity probes based on arylsulfonamide
gamma-secretase inhibitors. Bioorg. Med. Chem. Lett., 20086,
16(16), 4184-4189.

Barten, D.M.; Guss, V.L.; Corsa, JA.; Loo, A.; Hansel, SB.;
Zheng, M.; Munoz, B.; Srinivasan, K.; Wang, B.; Robertson, B.J.;
Polson, C.T.; Wang, J.; Roberts, S.B.; Hendrick, J.P.; Anderson,
JJ.; Loy, JK.; Denton, R.; Verdoorn, T.A.; Smith, D.W,;
Felsenstein, K.M. Dynamics of {beta}-amyloid reductions in brain,
cerebrospinal fluid, and plasma of {beta}-amyloid precursor
protein transgenic mice treated with a {gamma}-secretase inhibitor.
J. Pharmacol. Exp. Ther., 2005, 312(2), 635-643.

Eriksen, J.L.; Sagi, S.A.; Smith, T.E.; Weggen, S.; Das, P,;
McLendon, D.C.; Ozols, V.V.; Jessing, K.W.; Zavitz, K.H.; Koo,
E.H.; Golde, T.E. NSAIDs and enantiomers of flurbiprofen target
gamma-secretase and lower Abeta 42 in vivo. J. Clin. Invest., 2003,
112(3), 440-449.

Warner, T.D.; Mitchell, J.A. Cyclooxygenases: new forms,
new inhibitors, and lessons from the clinic. FASEBJ, 2004, 18(7),
790-804.

Gupta, R.A.; DuBois, R.N. Colorectal cancer prevention and
treatment by inhibition of cyclooxygenase-2. Nat. Rev. Cancer,
2001, 1, 11-21.

Sagi, S.A.; Weggen, S.; Eriksen, J.; Golde, T.E.; Koo, E.H. The
non-cyclooxygenase targets of non-steroidal anti-inflammatory
drugs, lipoxygenases, peroxisome proliferator-activated receptor,
inhibitor of kappa B kinase, and NF kappa B, do not reduce
amyloid beta 42 production. J. Biol. Chem., 2003, 278(34), 31825-
31830.

Zhou, Y.; Su, Y.; Li, B.; Liu, F.; Ryder, JW.; Wu, X.; Gonzalez-
DeWhitt, P.A.; Gelfanova, V.; Hale, J.E.; May, P.C.; Paul,
S.M.; Ni, B. Nonsteroidal anti-inflammatory drugs can lower
amyloidogenic A{beta}42 by inhibiting rho. Science, 2003,
302(5648), 1215-1217.

Leuchtenberger, S.; Kummer, M.P.; Kukar, T.; Czirr, E.; Teusch,
N.; Sagi, S.A.; Berdeaux, R.; Pietrzik, C.U.; Ladd, T.B.; Golde,
T.E.; Koo, E.H.; Weggen, S. Inhibitors of Rho-kinase modulate
amyloid-beta (Abeta) secretion but lack selectivity for Abeta42. J.
Neurochem., 2006, 96(2), 355-365.

Kukar, T.; Murphy, M.P.; Eriksen, J.L.; Sagi, S.A.; Weggen, S.;
Smith, T.E.; Ladd, T.; Khan, M.A.; Kache, R.; Beard, J.; Dodson,
M.; Merit, S.; Ozols, V.V.; Anastasiadis, P.Z.; Das, P.; Fauq, A.;
Koo, E.H.; Golde, T.E. Diverse compounds mimic Alzheimer
disease-causing mutations by augmenting Abeta42 production. Nat.
Med., 2005, 11(6), 545-550.

Beher, D.; Clarke, E.E.; Wrigley, J.D.; Martin, A.C.; Nadin, A.;
Churcher, 1.; Shearman, M.S. Selected non-steroidal anti-
inflammatory drugs and their derivatives target gamma-secretase at
a novel site. Evidence for an allosteric mechanism. J. Biol. Chem.,
2004, 279(42), 43419-43426.

Fraering, P.C.; Ye, W.; Strub, J.M.; Dolios, G.; LaVoie, M.J;;
Ostaszewski, B.L.; van Dorsselaer, A.; Wang, R.; Selkoe, D.J.;
Wolfe, M.S. Purification and characterization of the human
gamma-secretase complex. Biochemistry, 2004, 43(30), 9774-9789.
Takahashi, Y.; Hayashi, I.; Tominari, Y.; Rikimaru, K.; Morohashi,
Y.; Kan, T.; Natsugari, H.; Fukuyama, T.; Tomita, T.; lwatsubo, T.
Sulindac sulfide is a noncompetitive gamma-secretase inhibitor that
preferentially reduces Abeta 42 generation. J. Biol. Chem., 2003,
278(20), 18664-18670.

Weggen, S.; Eriksen, J.L.; Sagi, S.A.; Pietrzik, C.U.; Ozols, V.;
Faug, A.; Golde, T.E.; Koo, E.H. Evidence that nonsteroidal anti-
inflammatory drugs decrease amyloid beta 42 production by direct
modulation of gamma-secretase activity. J. Biol. Chem., 2003,
278(34), 31831-31837.

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Current Neuropharmacology, 2011, Vol. 9, No. 4 619

Winkler, E.; Hobson, S.; Fukumori, A.; Dumpelfeld, B.; Luebbers,
T.; Baumann, K.; Haass, C.; Hopf, C.; Steiner, H. Purification,
pharmacological modulation, and biochemical characterization of
interactors of endogenous human gamma-secretase. Biochemistry,
2009, 48, 1183-1197.

Weggen, S.; Eriksen, J.L.; Sagi, S.A.; Pietrzik, C.U.; Golde, T.E.;
Koo, E.H. Abeta42-lowering nonsteroidal anti-inflammatory drugs
preserve intramembrane cleavage of the amyloid precursor protein
(APP) and ErbB-4 receptor and signaling through the APP
intracellular domain. J. Biol. Chem., 2003, 278(33), 30748-30754.
Gasparini, L.; Rusconi, L.; Xu, H.; Del Soldato, P.; Ongini, E.
Modulation of beta-amyloid metabolism by non-steroidal anti-
inflammatory drugs in neuronal cell cultures. J. Neurochem., 2004,
88(2), 337-348.

Stanton, M.G.; Hubbs, J.; Sloman, D.; Hamblett, C.; Andrade, P.;
Angagaw, M.; Bi, G.; Black, R.M.; Crispino, J.; Cruz, J.C.; Fan, E.;
Farris, G.; Hughes, B.L.; Kenific, C.M.; Middleton, R.E.; Nikov,
G.; Sajonz, P.; Shah, S.; Shomer, N.; Szewczak, A.A.; Tanga, F.;
Tudge, M.T.; Shearman, M.; Munoz, B. Fluorinated piperidine
acetic acids as gamma-secretase modulators. Bioorg. Med. Chem.
Lett., 2010, 20(2), 755-758.

Lleo, A.; Berezovska, O.; Herl, L.; Raju, S.; Deng, A.; Bacskai,
B.J.; Frosch, M.P.; Irizarry, M.; Hyman, B.T. Nonsteroidal anti-
inflammatory drugs lower Abetad2 and change presenilin 1
conformation. Nat. Med., 2004, 10(10), 1065-1066.

Uemura, K.; Lill, C.M.; Li, X.; Peters, J.A.; Ivanov, A.; Fan, Z,;
Destrooper, B.; Bacskai, B.J.; Hyman, B.T.; Berezovska, O.
Allosteric modulation of PS1/gamma-Secretase conformation
correlates with amyloid beta(42/40) ratio. PLoS ONE, 2009, 4(11),
€7893.

Czirr, E.; Leuchtenberger, S.; Dorner-Ciossek, C.; Schneider, A.;
Jucker, M.; Koo, E.H.; Pietrzik, C.U.; Baumann, K.; Weggen, S.
Insensitivity to Abeta 42-lowering non-steroidal anti-inflammatory
drugs (NSAIDs) and gamma-secretase inhibitors is common among
aggressive presenilin-1 mutations. J. Biol. Chem., 2007, 282(34),
24504-24513.

Isoo, N.; Sato, C.; Miyashita, H.; Shinohara, M.; Takasugi, N.;
Morohashi, Y.; Tsuji, S.; Tomita, T.; lwatsubo, T. Abeta 42
overproduction associated with structural changes in the catalytic
pore of gamma -secretase: common effects of Pen-2 amino-
terminal elongation and fenofibrate. J. Biol. Chem., 2007, 282,
12388-12396.

Harmeier, A.; Wozny, C.; Rost, B.R.; Munter, L.M.; Hua, H.;
Georgiev, O.; Beyermann, M.; Hildebrand, P.W.; Weise, C.;
Schaffner, W.; Schmitz, D.; Multhaup, G. Role of amyloid-beta
glycine 33 in oligomerization, toxicity, and neuronal plasticity. J.
Neurosci., 2009, 29(23), 7582-7590.

Espeseth, A.S.; Xu, M.; Huang, Q.; Coburn, C.A.; Jones, K.L,;
Ferrer, M.; Zuck, P.D.; Strulovici, B.; Price, E.A.; Wu, G.; Wolfe,
A.L.; Lineberger, J.E.; Sardana, M.; Tugusheva, K.; Pietrak, B.L.;
Crouthamel, M.C.; Lai, M.T.; Dodson, E.C.; Bazzo, R.; Shi, X.P,;
Simon, AJ.; Li, Y.; Hazuda, D.J. Compounds that bind APP and
inhibit Abeta processing in vitro suggest a novel approach to
Alzheimer disease therapeutics. J. Biol. Chem., 2005, 280(18),
17792-17797.

Beel, AJ.; Barrett, P.; Schnier, P.D.; Hitchcock, S.A.; Bagal, D.;
Sanders, C.R.; Jordan, J.B. Non-specificity of binding of gamma-
secretase modulators to the amyloid precursor protein. Biochemistry,
2009, 48, 11837-11839.

Okochi, M.; Fukumori, A.; Jiang, J.; Itoh, N.; Kimura, R.; Steiner,
H.; Haass, C.; Tagami, S.; Takeda, M. Secretion of the Notch-1
Abeta -like peptide during notch signaling. J. Biol. Chem., 20086,
281(12), 7890-7898.

Yanagida, K.; Okochi, M.; Tagami, S.; Nakayama, T.; Kodama,
T.S.; Nishitomi, K.; Jiang, J.; Mori, K.; Tatsumi, S.; Arai, T.;
Ikeuchi, T.; Kasuga, K.; Tokuda, T.; Kondo, M.; lkeda, M.;
Deguchi, K.; Kazui, H.; Tanaka, T.; Morihara, T.; Hashimoto, R;
Kudo, T.; Steiner, H.; Haass, C.; Tsuchiya, K.; Akiyama, H.;
Kuwano, R.; Takeda, M. The 28-amino acid form of an APLP1-
derived Abeta-like peptide is a surrogate marker for Abeta42
production in the central nervous system. EMBO Mol. Med., 2009,
1(4), 223-235.

Iben, L.G.; Olson, R.E.; Balanda, L.A.; Jayachandra, S.; Robertson,
B.J.; Hay, V.; Corradi, J.; Prasad, C.V.; Zaczek, R.; Albright, C.F;
Toyn, J.H. Signal peptide peptidase and gamma -secretase share



620 Current Neuropharmacology, 2011, Vol. 9, No. 4

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

equivalent inhibitor binding pharmacology. J. Biol. Chem., 2007,
282, 36829-36836.

Sato, T.; Ananda, K.; Cheng, C.1.; Suh, E.J.; Narayanan, S.; Wolfe,
M.S. Distinct pharmacological effects of inhibitors of signal
peptide peptidase and gamma -secretase. J. Biol. Chem., 2008, 283,
33287-33295.

Sato, T.; Nyborg, A.C.; Iwata, N.; Diehl, T.S.; Saido, T.C,;
Golde, T.E.; Wolfe, M.S. Signal peptide peptidase: Biochemical
properties and modulation by nonsteroidal antiinflammatory drugs.
Biochemistry, 2006, 45(28), 8649-8656.

Golde, T.E.; Wolfe, M.S.; Greenbaum, D.C. Signal peptide
peptidases: A family of intramembrane-cleaving proteases that
cleave type 2 transmembrane proteins. Semin. Cell Dev. Biol.,
2009, 20(2), 225-230.

Kodadek, T. Inhibition of proteolysis and other posttranslational
modifications with substrate-targeted inhibitors. Biopolymers,
2002, 66(2), 134-140.

Kodadek, T. Biochemistry: Molecular cloaking devices. Nature,
2008, 453(7197), 861-862.

Thomas, T.C.; Rollins, S.A.; Rother, R.P.; Giannoni, M.A;;
Hartman, S.L.; Elliott, E.A.; Nye, S.H.; Matis, L.A.; Squinto, S.P.;
Evans, M.J. Inhibition of complement activity by humanized anti-
C5 antibody and single-chain Fv. Mol. Immunol., 1996, 33(17-18),
1389-1401.

Hillmen, P.; Young, N.S.; Schubert, J.; Brodsky, R.A.; Socie, G.;
Muus, P.; Roth, A.; Szer, J.; Elebute, M.O.; Nakamura, R.;
Browne, P.; Risitano, A.M.; Hill, A.; Schrezenmeier, H.; Fu, C.L.;
Maciejewski, J.; Rollins, S.A.; Mojcik, C.F.; Rother, R.P;
Luzzatto, L. The complement inhibitor eculizumab in paroxysmal
nocturnal hemoglobinuria. N. Engl. J. Med., 2006, 355(12), 1233-
1243.

Muller, M.Q.; de Koning, L.J.; Schmidt, A.; lhling, C.; Syha, Y.;
Rau, O.; Mechtler, K.; Schubert-Zsilavecz, M.; Sinz, A. An
innovative method to study target protein-drug interactions by mass
spectrometry. J. Med. Chem., 2009, 52(9), 2875-2879.

Page, R.M.; Gutsmiedl, A.; Fukumori, A.; Winkler, E.; Haass, C.;
Steiner, H. APP mutants respond to {gamma}-secretase
modulators. J. Biol. Chem., 2010, 285(23), 17798-17810.

Dovey, H.F.; John, V.; Anderson, J.P.; Chen, L.Z; de Saint
Andrieu, P.; Fang, L.Y.; Freedman, S.B.; Folmer, B.; Goldbach, E.;
Holsztynska, E.J.; Hu, K.L.; Johnson-Wood, K.L.; Kennedy, S.L.;
Kholodenko, D.; Knops, J.E.; Latimer, L.H.; Lee, M.; Liao, Z;
Lieberburg, 1.M.; Motter, R.N.; Mutter, L.C.; Nietz, J.; Quinn,
K.P.; Sacchi, K.L.; Seubert, P.A.; Shopp, G.M.; Thorsett, E.D.;
Tung, J.S.; Wu, J.; Yang, S.; Yin, C.T.; Schenk, D.B.; May, P.C.;
Altstiel, L.D.; Bender, M.H.; Boggs, L.N.; Britton, T.C.; Clemens,
J.C.; Czilli, D.L.; Dieckman-McGinty, D.K.; Droste, J.J.; Fuson,
K.S.; Gitter, B.D.; Hyslop, P.A.; Johnstone, E.M.; Li, W.Y; Little,
S.P.; Mabry, T.E.; Miller, F.D.; Audia, J.E. Functional gamma-
secretase inhibitors reduce beta-amyloid peptide levels in brain. J.
Neurochem., 2001, 76(1), 173-181.

Albright, C.; Dockens, R.; Olson, R.; Jere, M.; Slemmon, R;
Lentz, K.; Wang, J.; Denton, R.; Pilcher, G.; Zacaek, R.; Macor, J.;
Wong, O.; Gu, H.; Berman, R.; Tong, G. BMS-708163, a potent
and selective gamma-secretase inhibitor, decreases CSF Abeta at
safe and tolerable doses in animals and humans: International
Conference on Alzheimer’s disease (ICAD), Chicago (USA), July
26-3 2008.

Heidebrecht, R.W.; Li, C.; Munoz, B.; Rosenau, A.; Surdi, L.M.;
Tempest, P. Cyclobutyl sulfones as notch sparing gamma-secretase
inhibitors. WO Patent W02009131906 (A1), 2009.

Xu, R.; Cole, D.; Asberom, T.; Bara, T.; Bennett, C.; Burnett, D.A.;
Clader, J.; Domalski, M.; Greenlee, W.; Hyde, L.; Josien, H.; Li,
H.; McBriar, M.; McKittrick, B.; McPhail, A.T.; Pissarnitski, D.;
Qiang, L.; Rajagopalan, M.; Sasikumar, T.; Su, J.; Tang, H.; Wu,
W.L.; Zhang, L.; Zhao, Z. Design and synthesis of tricyclic
sulfones as gamma-secretase inhibitors with greatly reduced Notch
toxicity. Bioorg. Med. Chem. Lett., 2010, 20, 2591-2596.

Best, J.D.; Smith, D.W.; Reilly, M.A.; O'Donnell, R.; Lewis, H.D.;
Ellis, S.; Wilkie, N.; Rosahl, T.W.; Laroque, P.; Boussiquet-
Leroux, C.; Churcher, I.; Atack, J.R.; Harrison, T.; Shearman, M.S.
The novel {gamma} secretase inhibitor MRK-560 reduces amyloid
plaque deposition without evidence of Notch-related pathology in
the Tg2576 mouse. J. Pharmacol. Exp. Ther., 2006, 320, 552-558.

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Bulic et al.

Townsend, M.; Qu, Y.; Gray, A.; Wu, Z.; Seto, T.; Hutton, M.;
Shearman, M.S.; Middleton, R.E. Oral treatment with a gamma-
secretase inhibitor improves long-term potentiation in a mouse
model of Alzheimer's Disease. J. Pharmacol. Exp. Ther., 2010,
333(1), 110-119.

Ye, X.M.; Konradi, AW.; Smith, J.; Xu, Y.Z.; Dressen, D
Garofalo, AW.; Marugg, J.; Sham, H.L.; Truong, AP,
Jagodzinski, J.; Pleiss, M.; Zhang, H.; Goldbach, E.; Sauer, J.M.;
Brigham, E.; Bova, M.; Basi, G.S. Discovery of a novel
sulfonamide-pyrazolopiperidine series as potent and efficacious
gamma-secretase inhibitors. Bioorg. Med. Chem. Lett., 2010, 20(7),
2195-2199.

Kreft, A.F.; Martone, R.; Porte, A. Recent advances in the
identification of gamma-secretase inhibitors to clinically test the
Abeta oligomer hypothesis of Alzheimer's disease. J. Med. Chem.,
2009, 52(20), 6169-6188.

Imbimbo, B.P. Therapeutic Potential of g-Secretase Inhibitors and
Modulators. Curr. Top.Med. Chem., 2008, 8, 54-61.

Yang, T.; Arslanova, D.; Gu, Y.; Augelli-Szafran, C.; Xia, W.
Quantification of gamma-secretase modulation differentiates
inhibitor compound selectivity between two substrates Notch and
amyloid precursor protein. Mol. Brain, 2008, 1(1), 15.

Imbimbo, B.P. An update on the efficacy of non-steroidal anti-
inflammatory drugs in Alzheimer's disease. Expert Opin. Investig.
Drugs, 2009, 18(8), 1147-1168.

McGeer, P.L.; McGeer, E.; Rogers, J.; Sibley, J. Anti-inflammatory
drugs and Alzheimer disease. Lancet, 1990, 335(8696), 1037.
Launer, L. Nonsteroidal anti-inflammatory drug use and the risk for
Alzheimer's disease: dissecting the epidemiological evidence.
Drugs, 2003, 63(8), 731-739.

in t' Veld, B.A.; Ruitenberg, A.; Hofman, A.; Launer, L.J.; van
Duijn, C.M.; Stijnen, T.; Breteler, M.M.; Stricker, B.H.
Nonsteroidal antiinflammatory drugs and the risk of Alzheimer's
disease. N. Engl. J. Med., 2001, 345(21), 1515-1521.

Stewart, W.F.; Kawas, C.; Corrada, M.; Metter, EJ. Risk of
Alzheimer's disease and duration of NSAID use. Neurology, 1997,
48(3), 626-632.

Szekely, C.A.; Thorne, J.E.; Zandi, P.P.; EK, M.; Messias, E.;
Breitner, J.C.; Goodman, S.N. Nonsteroidal anti-inflammatory
drugs for the prevention of Alzheimer's disease: a systematic
review. Neuroepidemiology, 2004, 23(4), 159-169.

Vlad, S.C.; Miller, D.R.; Kowall, N.W.; Felson, D.T. Protective
effects of NSAIDs on the development of Alzheimer disease.
Neurology, 2008, 70(19), 1672-1677.

Zandi, P.P.; Anthony, J.C.; Hayden, K.M.; Mehta, K.; Mayer, L.;
Breitner, J.C. Reduced incidence of AD with NSAID but not H2
receptor antagonists: the Cache County Study. Neurology, 2002,
59(6), 880-886.

Jantzen, P.T.; Connor, K.E.; DiCarlo, G.; Wenk, G.L.; Wallace,
J.L.; Rojiani, A.M.; Coppola, D.; Morgan, D.; Gordon, M.N.
Microglial activation and beta -amyloid deposit reduction caused
by a nitric oxide-releasing nonsteroidal anti-inflammatory drug in
amyloid precursor protein plus presenilin-1 transgenic mice. J.
Neurosci., 2002, 22(6), 2246-2254.

Kotilinek, L.A.; Westerman, M.A.; Wang, Q.; Panizzon, K.; Lim,
G.P.; Simonyi, A.; Lesne, S.; Falinska, A.; Younkin, L.H.;
Younkin, S.G.; Rowan, M.; Cleary, J.; Wallis, R.A.; Sun, G.Y;
Cole, G.; Frautschy, S.; Anwyl, R.; Ashe, K.H. Cyclooxygenase-2
inhibition improves amyloid-{beta}-mediated suppression of
memory and synaptic plasticity. Brain, 2008, 131(Pt 3), 651-664.
Lim, G.P.; Yang, F.; Chu, T.; Chen, P.; Beech, W.; Teter, B.; Tran,
T.; Ubeda, O.; Ashe, K.H.; Frautschy, S.A.; Cole, G.M. lbuprofen
suppresses plaque pathology and inflammation in a mouse model
for Alzheimer's disease. J. Neurosci., 2000, 20(15), 5709-5714.
McKee, A.C.; Carreras, |.; Hossain, L.; Ryu, H.; Klein, W.L;
Oddo, S.; LaFerla, F.M.; Jenkins, B.G.; Kowall, N.W.; Dedeoglu,
A. lbuprofen reduces Abeta, hyperphosphorylated tau and memory
deficits in Alzheimer mice. Brain Res., 2008, 1207, 225-236.
Morihara, T.; Teter, B.; Yang, F.; Lim, G.P.; Boudinot, S
Boudinot, F.D.; Frautschy, S.A.; Cole, G.M. lbuprofen suppresses
interleukin-1beta induction of pro-amyloidogenic alphal-
antichymotrypsin to ameliorate beta-amyloid (Abeta) pathology in
Alzheimer's models. Neuropsychopharmacology, 2005, 30(6),
1111-1120.



Chemical Biology, Molecular Mechanism and Clinical Perspective

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Quinn, J.; Montine, T.; Morrow, J.; Woodward, W.R.; Kulhanek,
D.; Eckenstein, F. Inflammation and cerebral amyloidosis are
disconnected in an animal model of Alzheimer's disease. J.
Neuroimmunol., 2003, 137(1-2), 32-41.

Sung, S.; Yang, H.; Uryu, K.; Lee, E.B.; Zhao, L.; Shineman, D.;
Trojanowski, J.Q.; Lee, V.M.; Pratico, D. Modulation of nuclear
factor-kappa B activity by indomethacin influences A beta levels
but not A beta precursor protein metabolism in a model of
Alzheimer's disease. Am. J. Pathol., 2004, 165(6), 2197-2206.

Yan, Q.; Zhang, J.; Liu, H.; Babu-Khan, S.; Vassar, R.; Biere, A.L.;
Citron, M.; Landreth, G. Anti-Inflammatory Drug Therapy Alters
{beta}-Amyloid Processing and Deposition in an Animal Model of
Alzheimer's Disease. J. Neurosci., 2003, 23(20), 7504-7509.
McEvoy, G.K.; Snow, E.K.; Kester, L. AHFS drug information.
American Society of Health-System Pharmacists, 2006.

Rogers, J.; Kirby, L.C.; Hempelman, S.R.; Berry, D.L.; McGeer,
P.L.; Kaszniak, A.W.; Zalinski, J.; Cofield, M.; Mansukhani, L.;
Willson, P.; Kogan, F. Clinical trial of indomethacin in Alzheimer's
disease. Neurology, 1993, 43(8), 1609-1611.

Scharf, S.; Mander, A.; Ugoni, A.; Vajda, F.; Christophidis, N. A
double-blind, placebo-controlled trial of diclofenac/misoprostol in
Alzheimer's disease. Neurology, 1999, 53(1), 197-201.

Martin, B.K. Cardiovascular and cerebrovascular events in the
randomized, controlled Alzheimer's Disease Anti-Inflammatory
Prevention Trial (ADAPT). PLoS Clin. Trials, 2006, 1(7), e33.

de Jong, D.; Jansen, R.; Hoefnagels, W.; Jellesma-Eggenkamp, M.;
Verbeek, M.; Borm, G.; Kremer, B. No effect of one-year treatment
with indomethacin on Alzheimer's disease progression: a
randomized controlled trial. PLoS ONE, 2008, 3(1), e1475.
Wilcock, G.K.; Black, S.E.; Hendrix, S.B.; Zavitz, K.H.; Swabb,
E.A.; Laughlin, M.A. Efficacy and safety of tarenflurbil in mild to
moderate Alzheimer's disease: a randomised phase Il trial. Lancet
Neurol., 2008, 7, 483-493.

Green, R.C.; Schneider, L.S.; Amato, D.A.; Beelen, A.P.; Wilcock,
G.; Swabb, E.A.; Zavitz, K.H. Effect of tarenflurbil on cognitive
decline and activities of daily living in patients with mild
Alzheimer disease: a randomized controlled trial. JAMA, 2009,
302(23), 2557-2564.

Mannila, A.; Kumpulainen, E.; Lehtonen, M.; Heikkinen, M.;
Laisalmi, M.; Salo, T.; Rautio, J.; Savolainen, J.; Kokki, H. Plasma
and cerebrospinal fluid concentrations of indomethacin in children
after intravenous administration. J. Clin. Pharmacol., 2007, 47(1),
94-100.

Galasko, D.R.; Graff-Radford, N.; May, S.; Hendrix, S.; Cottrell,
B.A.; Sagi, S.A.; Mather, G.; Laughlin, M.; Zavitz, K.H.; Swabb,
E.; Golde, T.E.; Murphy, M.P.; Koo, E.H. Safety, tolerability,
pharmacokinetics, and Abeta levels after short-term administration
of R-flurbiprofen in healthy elderly individuals. Alzheimer Dis.
Assoc. Disord., 2007, 21(4), 292-299.

Raveglia, L.; Peretto, I.; Radaelli, S.; Imbimbo, B.P.; Rizzi, A,
Villetti, G. 1-phenylalkanecarboxylic acid derivatives for the treatment
of neurodegenerative diseases. WO Patent W02004074232 (Al),
2004.

Peretto, I.; Radaelli, S.; Parini, C.; Zandi, M.; Raveglia, L.F,;
Dondio, G.; Fontanella, L.; Misiano, P.; Bigogno, C.; Rizzi, A,
Riccardi, B.; Biscaioli, M.; Marchetti, S.; Puccini, P.; Catinella, S.;
Rondelli, 1.; Cenacchi, V.; Bolzoni, P.T.; Caruso, P.; Villetti, G.;
Facchinetti, F.; Del Giudice, E.; Moretto, N.; Imbimbo, B.P.
Synthesis and Biological Activity of Flurbiprofen Analogues as
Selective Inhibitors of beta-Amyloid(1)(-)(42) Secretion. J. Med.
Chem., 2005, 48(18), 5705-5720.

Imbimbo, B.P.; Del Giudice, E.; Colavito, D.; D'Arrigo, A.; Dalle
Carbonare, M.; Villetti, G.; Facchinetti, F.; Volta, R.; Pietrini, V;
Baroc, M.F.; Serneels, L.; De Strooper, B.; Leon, A. 1-(3'4'-
Dichloro-2-fluoro[1,1'-biphenyl]-4-yl)-cyclopropanecarboxylic
acid (CHF5074), a novel gamma-secretase modulator, reduces
brain beta-amyloid pathology in a transgenic mouse model of
Alzheimer's disease without causing peripheral toxicity. J.
Pharmacol. Exp. Ther., 2007, 323(3), 822-830.

Imbimbo, B.P.; Del Giudice, E.; Cenacchi, V.; Volta, R.; Villetti,
G.; Facchinetti, F.; Riccardi, B.; Puccini, P.; Moretto, N.; Grassi,
F.; Ottonello, S.; Leon, A. In vitro and in vivo profiling of
CHF5022 and CHF5074 Two beta-amyloid1-42 lowering agents.
Pharmacol. Res., 2007, 55(4), 318-328.

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

Current Neuropharmacology, 2011, Vol. 9, No. 4 621

Imbimbo, B.P.; Hutter-Paier, B.; Villetti, G.; Facchinetti, F.;
Cenacchi, V.; Volta, R.; Lanzillotta, A.; Pizzi, M.; Windisch, M.
CHF5074, a novel gamma-secretase modulator, attenuates brain
beta-amyloid pathology and learning deficit in a mouse model of
Alzheimer's disease. Br. J. Pharmacol., 2009, 156(6), 982-993.
Stock, N.; Munoz, B.; Wrigley, J.D.; Shearman, M.S.; Beher, D.;
Peachey, J.; Williamson, T.L.; Bain, G.; Chen, W.; Jiang, X.; St-
Jacques, R.; Prasit, P. The geminal dimethyl analogue of
Flurbiprofen as a novel Abeta42 inhibitor and potential Alzheimer's
disease modifying agent. Bioorg. Med. Chem. Lett., 2006, 16(8),
2219-2223.

Blurton, P.; Burkamp, F.; Churcher, I.; Harrison, T.; Neduveil, J.
Arylacetic acids and related compounds for treatment of
Alzheimer's disease. WO Patent WO2006008558 (A1), 2006.
Wilson, F.; Reid, A.; V., R.; Harrison, RJ.; Sunose, M.;
Hernandez-Perni, R.; Major, J.; Boussard, C.; K., S.; Taylor, J.;
Leformal, A.; Cansfield, A.; Burckhardt, S. (Biphenyl) carboxylic
acids and derivatives thereof. WO Patent W0O2006045554 (Al),
2006.

Shapiro, G.; Chesworth, R. Tetrasubstituted benzenes. WO Patent
W02009086277 (A1), 2009.

Rogers, K.; Chesworth, R.; Felsenstein, K.; Shapiro, G.; Albayya,
F.; Tu, Z.; Spaulding, D.; Catana, F.; Hrdlicka, L.; Nolan, S.; Wen,
M.; Yang, Z.; Koenig, G.; Patzke, H.; Vulsteke, V.; DeStrooper,
B.; Ahlijanian, M. Putative gamma secretase modulators lower
AB42 in multiple in vitro and in vivo models. In; (EnVivo
communication); 2010.

Hieke, M.; Ness, J.; Steri, R.; Dittrich, M.; Greiner, C.; Werz, O.;
Baumann, K.; Schubert-Zsilavecz, M.; Weggen, S.; Zettl, H.
Design, synthesis, and biological evaluation of a novel class of
gamma-secretase modulators with PPARgamma activity. J. Med.
Chem., 2010, 53(12), 4691-4700.

Landreth, G.; Jiang, Q.; Mandrekar, S.; Heneka, M. PPARgamma
agonists as therapeutics for the treatment of Alzheimer's disease.
Neurotherapeutics, 2008, 5(3), 481-489.

Beher, D.; M., B.; Checksfield, G.D.; Churcher, I.; Doughty, V.A;;
Oakley, P.J.; Quddus, A.; Teall, M.R.; Wrighley, J.D. Treatment
for Alzheimer's disease and related conditions. WO Patent
W02005013985 (A1), 2005.

Burkamp, F.; Checksfield, G.D.; Fletcher, S.R.; Lewis, S.J;
Mclver, E.G.; Oakley, P.J.; Teall, M.R. Tetrahdroindole derivatives
for treatment of Alzheimer's disease. WO Patent W02007054739
(A1), 2007.

Narlawar, R.; Perez Revuelta, B.1.; Haass, C.; Steiner, H.; Schmidt,
B.; Baumann, K. Scaffold of the cyclooxygenase-2 (COX-2)
inhibitor carprofen provides Alzheimer gamma-secretase modulators.
J. Med. Chem., 2006, 49(26), 7588-7591.

Baumann, S.; Hottecke, N.; Schubenel, R.; Baumann, K
Schmidt, B. NSAID-derived gamma-secretase modulators. Part
I11: Membrane anchoring. Bioorg. Med. Chem. Lett., 2009, 19(24),
6986-6990.

Aung, M.M.; Griffin, G.; Huffman, J.W.; Wu, M.; Keel, C.; Yang,
B.; Showalter, V.M.; Abood, M.E.; Martin, B.R. Influence of the
N-1 alkyl chain length of cannabimimetic indoles upon CB(1) and
CB(2) receptor binding. Drug Alcohol Depend., 2000, 60(2), 133-
140.

Cheng, S.; Comer, D.D.; Mao, L.; Balow, G.P.; Pleynet, D.
Compounds and uses thereof in modulating amyloid beta. WO
Patent W0O2004110350 (A2), 2004.

Hahn, S.; Brining, T.; Ness, J.; Czirr, E.; Baches, S.; Gijsen, H.;
Korth, C.; Pietrzik, C.U.; Bulic, B.; Weggen, S. Presenilin-1
(PSEN1) but not amyloid precursor protein (APP) mutations
present in mouse models of Alzheimer’s disease attenuate the
response of cultured cells to y-secretase modulators (GSMs)
regardless of their potency and structure. J. Neurochem., 2011,
116(3), 385-395.

Subramanian, R.; Lee, M.R.; Allen, J.G.; Bourbeau, M.P.; Fotsch,
C.; Hong, F.T.; Tadesse, S.; Yao, G.; Yuan, C.C.; Surapaneni, S.;
Skiles, G.L.; Wang, X.; Wohlhieter, G.E.; Zeng, Q.; Zhou, Y.; Zhu,
X.; Li, C. Cytochrome P450-mediated epoxidation of 2-
aminothiazole-based AKT inhibitors: identification of novel GSH
adducts and reduction of metabolic activation through structural
changes guided by in silico and in vitro screening. Chem. Res.
Toxicol., 2010, 23(3), 653-663.



622 Current Neuropharmacology, 2011, Vol. 9, No. 4

[180]
[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

Kushida, 1.; Doi, E.; Ito, K. Amorphous object of cinnamide
compounds. WO Patent W0O2006046575, 2006.

Watanabe, H.; Bernier, F.; Miyagawa, T. A therapeutic agent for
Ass related disorders. WO Patent W02006112552 (A2), 2006.
Amslinger, S. The tunable functionality of alpha,beta-unsaturated
carbonyl compounds enables their differential application in
biological systems. ChemMedChem, 2010, 5(3), 351-356.
Baumann, K.; Flohr, A.; Goetschi, E.; Jacobsen, H.; Jolidon, S.;

Luebbers, T. Modulators of amyloid beta. WO Patent
W02009087127 (A1), 2009.
Zhu, Z.; Greenlee, W..; CaldwellL, J.P.; Mazzola, J.R.D,;

McKittrick, B.; Bennett, C.E.; Burnett, D.A. Gamma secretase
modulators. WO Patent WO2009045314 (A1), 2009.

Zhu, Z.; Greenlee, W.J.; Caldwell, J.P.; Mazzola, R.D.; McKittrick,
B.; Bennett, C.E.; Huang, X.; Josien, H.B.; Burnett, D.A. Gamma
secretase modulators. WO Patent W0O2009020580 (A1), 2009.
Caldwell, J.P.; Bennett, C.E.; McCracken, T.M.; Mazzola, R.D.;
Bara, T.; Buevich, A.; Burnett, D.A.; Chu, I.; Cohen-Williams, M.;
Josein, H.; Hyde, L.; Lee, J.; McKittrick, B.; Song, L.; Terracina,
G.; Voigt, J.; Zhang, L.; Zhu, Z. Iminoheterocycles as gamma-
secretase modulators. Bioorg. Med. Chem. Lett, 2010, 20(18),
5380-5384.

Huang, X.; Palani, A.; Qin, J.; Aslanian, R.G.; Zhu, Z.; Greenlee,
W.J. Gamma secretase modulators. WO Patent W02009073779
(A1), 2009.

Biswas, K.; Chen, J.J.; Falsey, J.R.; Gore, V.K.; Liu, Q.; Ma, V.V_;
Mercede, S.J.; Rzasa, R.M.; Tegley, C.M.; Zhu, J. Urea compounds
as gamma-secretase modulators. WO Patent WO2009137404 (Al),
2009.

Hitchcock, S.; Chen, J.J.; Ncube, M.; Nixey, T.; Amegadzie, A.;
Kunz, R.; Qian, W.; Chen, N.; Tegley, C.M.; Demorin, F.; Yuan,
C.C.; Liu, Q.; Zhu, J.; Peterkin, T.; Adams, J.A.; Hu, E.; Chavez,
J.F. Gamma secretase modulators. WO Patent W0O2009075874
(A1), 2009.

Rivkin, A.; Ahearn, S.P.; Chichetti, S.M.; Hamblett, C.L.; Garcia,
Y.; Martinez, M.; Hubbs, J.L.; Reutershan, M.H.; Daniels, M.H.;
Siliphaivanh, P.; Otte, K.M.; Li, C.; Rosenau, A.; Surdi, L.M,;
Jung, J.; Hughes, B.L.; Crispino, J.L.; Nikov, G.N.; Middleton,

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

Bulic et al.

R.E.; Moxham, C.M.; Szewczak, A.A.; Shah, S.; Moy, L.Y;
Kenific, C.M.; Tanga, F.; Cruz, J.C.; Andrade, P.; Angagaw, M.H.;
Shomer, N.H.; Miller, T.; Munoz, B.; Shearman, M.S. Purine
derivatives as potent gamma-secretase modulators. Bioorg. Med.
Chem. Lett., 2010, 20, 2279-2282.

Rivkin, A.; Ahearn, S.P.; Chichetti, S.M.; Kim, Y.R.; Li, C,;
Rosenau, A.; Kattar, S.D.; Jung, J.; Shah, S.; Hughes, B.L;
Crispino, J.L.; Middleton, R.E.; Szewczak, A.A.; Munoz, B,
Shearman, M.S. Piperazinyl pyrimidine derivatives as potent
gamma-secretase modulators. Bioorg. Med. Chem. Lett., 2009, 20,
1269-1271.

Blurton, P.; Fletcher, S.; Teall, M.; Harrison, T.; Munoz, B.;
Rivkin, A.; Hamblett, C.; Siliphaivahn, P.; Otte, K. Piperazine
derivatives for treatment of AD and related conditions. WO Patent
W02008099210 (A2), 2008.

Rivkin, A.; Ahearn, S.P.; Chichetti, S.; Hamblett, C.L.; Garcia, Y ;
Martinez, M.; Munoz, B. Purine derivatives for treatment of
Alzheimer's disease. WO Patent W02010019392 (A1), 2010.
Hannam, J.C.; Hartmann, S.; Madin, A.; Ridgill, M.P. Piperidines
and related compounds for the treatment of dementia. WO Patent
WO02007110667 (A1), 2007.

Madin, A.; Ridgill, M.P.; J., KJ. Piperidine derivatives for
treatment of Alzheimer's disease. WO Patent W02007116228,
2007.

Hall, A.; Elliott, R.L.; Giblin, G.M.; Hussain, I.; Musgrave, J.;
Naylor, A.; Sasse, R.; Smith, B. Piperidine-derived gamma-
secretase modulators. Bioorg. Med. Chem. Lett., 2010, 20(3), 1306-
1311.

Willem, M.; Lammich, S.; Haass, C. Function, regulation and
therapeutic properties of beta-secretase (BACEL). Semin. Cell Dev.
Biol., 2009, 20(2), 175-182.

Lammich, S.; Okochi, M.; Takeda, M.; Kaether, C.; Capell, A;
Zimmer, AK.; Edbauer, D.; Walter, J.; Steiner, H.; Haass, C.
Presenilin-dependent intramembrane proteolysis of CD44 leads to
the liberation of its intracellular domain and the secretion of an
Abeta-like peptide. J. Biol. Chem., 2002, 277(47), 44754-44759.

Received: May 11, 2010

Revised: October 25, 2010

Accepted: November 01, 2010




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




