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Abstract
γ-Secretase is a membrane embedded aspartyl protease complex with presenilin as the catalytic
component. Along with β-secretase, this enzyme produces the amyloid β-protein (Aβ) of
Alzheimer’s disease (AD) from the amyloid β-protein precursor (APP). Because of its key role in
the pathogenesis of AD, γ-secretase has been a prime target for drug discovery, and many
inhibitors of this protease have been developed. The therapeutic potential of these inhibitors is
virtually negated by the fact that γ-secretase is an essential part of the Notch signaling pathway,
rendering the compounds unacceptably toxic upon chronic exposure. However, these compounds
have served as useful chemical tools for biological investigations. In contrast, γ-secretase
modulators continue to be of keen interest as possible AD therapeutics. These modulators either
shift Aβ production to shorter, less pathogenic peptides or inhibit the proteolysis of APP
selectively compared to that of Notch. The various chemical types of inhibitors and modulators
will be discussed, along with their use as probes for basic biology and their potential as AD
therapeutics.
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γ-Secretase as a therapeutic target for Alzheimer’s disease
A considerable body of evidence supports the amyloid β-protein (Aβ), particularly its 42-
residue variant (Aβ42), as a key initiator in the pathogenesis of Alzheimer’s disease (AD)
(Tanzi & Bertram 2005, Goedert & Spillantini 2006). While ongoing research strives to
discern which assembled form or forms of this aggregation-prone peptide are the critical
deleterious species and what pathways mediate toxicity, it seems clear that safe and selective
lowering of Aβ or Aβ42 levels in the brain should prevent or delay the onset of AD and may
slow progression if effective agents are given early enough (i.e., before or soon after the first
signs of cognitive impairment). For this reason, extraordinary efforts have been expended by
many laboratories around the world over the course of two decades to identify agents that
target Aβ or Aβ production. Such agents should be metabolically stable, brain accessible and
safe enough for administration over many years, criteria that have been quite challenging to
meet.
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The proteases responsible for generating Aβ from its precursor protein APP, β- and γ-
secretases, have been top targets for AD drug discovery (Ghosh et al. 2008, Wolfe 2008).
The membrane-tethered β-secretase sheds the ectodomain of the type I membrane protein
APP, leaving behind a 99-residue stub (C99) that is then cleaved by the membrane-
embedded γ-secretase complex to release Aβ and the APP intracellular domain (AICD). β-
Secretase has been an especially difficult target, as compounds that potently inhibit this
pepsin-family aspartyl protease tend to have poor pharmaceutical and pharmacokinetic
properties. In contrast, a variety of γ-secretase inhibitors (GSIs) have been reported, many of
which are active in vivo, but this enzyme has presented its own challenges for drug
discovery, as discussed below.

γ-Secretase is a complex of four integral membrane proteins, with presenilin-1 (PS1) or
presenilin-2 (PS2) as the catalytic component of a noncanonical aspartyl protease (Wolfe
2006). Assembly of presenilin with the other components, Nicastrin, Aph-1 and Pen-2, leads
to the cleavage of presenilin into two subunits, an N-terminal fragment (NTF) and C-
terminal fragment (CTF), each of which contributes one transmembrane aspartate to the
active site. The active protease complex hydrolyzes the transmembrane domain of APP to
produce a heterogeneous set of secreted Aβ peptides, varying in their C-termini and ranging
from 38–43 residues, and AICDs of 50 or 51 residues. Some 6–11 APP transmembrane
residues are unaccounted for in considering the products Aβ and AICD; however, the
enzyme apparently first cuts C99 at the so-called ε site to form Aβ48 or Aβ49 and AICD51
or AICD50 (Sato et al. 2003, Funamoto et al. 2004, Qi-Takahara et al. 2005). Release of
AICD is followed by trimming of these long Aβ peptides every 3–4 residues until Aβ
dissociates (Qi-Takahara et al. 2005). Indeed, the tri- and tetrapeptides have been identified
by mass spectrometry, thereby accounting for the missing residues (Takami et al. 2009).

The γ-secretase complex cleaves a wide variety of other substrates besides APP, including
APP-like proteins (APLP) 1 and 2, N- and E-cadherins, and Erb-B4 (Haapasalo & Kovacs
2011). Most problematic for AD drug discovery is the Notch family of receptors, which are
involved in many different kinds of cell differentiation events. Ligand-activated proteolysis
of these receptors releases the Notch intracellular domain (NICD), which translocates to the
nucleus and interacts with transcription factors that regulate the expression of genes that
control cell fate (Kopan & Ilagan 2009). Proteolysis of the Notch transmembrane domain by
γ-secretase is an essential part of this signaling process, and blocking this process with GSIs
can lead to specific toxic effects, including gastrointestinal bleeding and immunosuppression
(Searfoss et al. 2003, Wong et al. 2004). As a consequence, recent efforts to identify AD
drug candidates that target γ-secretase processing of APP have focused on strategies that
have little or no effect on physiological Notch processing.

This review will describe γ-secretase inhibitors and modulators (GSIs and GSMs), both as
chemical tools for biological investigation and as potential therapeutics for AD. Space
limitations preclude comprehensive coverage of all reported compounds with these types of
activities, and the reader is referred to excellent recent reviews for fuller discussion (Kreft et
al. 2009, Pissarnitski 2007). Moreover, as results from clinical trials with GSIs and GSMs
will be covered in another article in this special issue, this topic is not presented in depth
here. The goal of this review is to highlight compounds that exemplify structural classes,
possess desirable biological properties (e.g., potency, selectivity), serve as especially useful
chemical probes, and represent promising candidate AD therapeutics both past and present.

Inhibitors
The first reported compounds shown to inhibit γ-secretase activity were peptide aldehyde-
type calpain and proteasome inhibitors (Klafki et al. 1995, Higaki et al. 1995, Klafki et al.
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1996). Despite their weak potency and lack of selectivity, these compounds were
nevertheless the first chemical tools employed to address questions about γ-secretase.
Because γ-secretase had yet to be isolated and identified, these compounds were tested in
APP-transfected cells and found to increase levels of APP CTFs produced by α- and β-
secretase (C83 and C99, respectively) and to inhibit the production of their γ-secretase
cleavage products (p3 and Aβ, respectively). These compounds also revealed a
pharmacological distinction between Aβ40 and Aβ42 production by γ-secretase (Klafki et al.
1996, Citron et al. 1996), a phenomenon since observed with many GSIs. Although this
suggested distinct γ-secretases responsible for generating Aβ40 and Aβ42, subsequent work
has demonstrated that this is not the case, as purification of tagged and overexpressed γ-
secretase complexes of defined composition provides enzymes capable of generating both
Aβ species (Fraering et al. 2004).

As peptide aldehydes typically inhibit serine and cysteine proteases, the fact that these
compounds inhibited γ-secretase activity was initially interpreted as evidence that γ-
secretases are in one or both of these protease classes. However, peptide aldehydes are
readily hydrated to a form that resembles the transition state of aspartyl protease catalysis.
Similarly, the first reported substrate-based inhibitor of γ-secretase activity, the
difluoroketone peptidomimetic compound 1 (also called MW167 and DFK167, Fig. 1)
(Wolfe et al. 1998) could in principle inhibit a serine or cysteine protease in its keto form or
an aspartyl protease in its hydrated form. However, difluoroalcohol analogues of 1 also
could inhibit γ-secretase activity (Wolfe et al. 1999). As this class of peptidomimetic only
inhibits aspartyl protease, by virtue of mimicking the transition-state of aspartyl protease
catalysis, γ-secretase was suggested to be such a protease. Conversion of one of these
difluoroalcohol peptidomimetics into an affinity labeling reagent led to identification of PS1
NTF and CTF as the direct targets of this type of inhibitor (Esler et al. 2000). As
difluoroalcohol peptidomimetics are transition-state analogues, this finding suggested that
the active site of γ-secretase resides at the interface between these two presenilin subunits.
Generation of a variety of such difluoroalcohols, varying in the identity of amino acid side
chains, suggested that γ-secretase has relatively loose sequence specificity (Wolfe et al.
1999), a conclusion supported by later findings that the protease cleaves a wide variety of
membrane proteins with no clear consensus sequence.

Another class of transition-state analogue inhibitor of aspartyl proteases,
hydroxyethylamines, were found to inhibit γ-secretase activity in cell culture as well
(Shearman et al. 2000). The most potent compound 2 (or L-685,458)(Fig. 1), was used to
validate the isolation of γ-secretase activity in the detergent-solubilized state and
demonstrate that immunoprecipitation of presenilin brought down γ-secretase activity (Li et
al. 2000a). As with the difluoroalcohols, conversion of this type of compound into affinity
labeling reagents led to identification of PS1 NTF and CTF as the direct target of this active
site-directed inhibitor, and the potency and specificity of these affinity reagents allowed
determination that full-length (i.e., unprocessed) PS1 was not a target, consistent with the
holoprotein being a zymogen (Li et al. 2000b). Use of a biotinylated version of 2 led to
isolation of γ-secretase with copurification of nicastrin and provided evidence for separate
substrate binding and active sites (Beher et al. 2003).

Structurally related to the hydroxyethylamines are hydroxyethylureas, which replace one of
the chiral backbone carbon atoms of the hydroxyethylamines with an achiral nitrogen. This
subtle difference greatly simplifies the synthesis of these transition-state analogues, allowing
facile generation of a variety of analogues for analysis of structure-activity relationships
(Esler et al. 2004). In this way, the pockets in the protease active site that interact with the
inhibitor side chains can be readily probed. Moreover, covalent attachment of one such
compound to resin provided an affinity chromatographic method for isolating (Esler et al.
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2002b, Kimberly et al. 2003) and ultimately purifying γ-secretase (Fraering et al. 2004),
demonstrating that the five components, PS1 NTF and CTF, Nicastrin, Aph-1 and Pen-2, are
sufficient for protease activity and cleavage of APP and Notch substrates. The copurification
of an endogenous APP substrate (C83) from the affinity matrix provided evidence for a
substrate docking site on γ-secretase that is distinct from the active site, where the
immobilized transition-state analogue binds (Esler et al. 2002b), findings similar to those
seen with an immobilized hydroxyethylamine inhibitor (Beher et al. 2003).

Another type of substrate-based GSI is the helical peptide. Because γ-secretase cleaves APP
within its transmembrane domain and single transmembrane domains typically fold into a
helical conformation, short peptides of 6–10 amino acids were synthesized that contained
the γ-secretase cleavage sites of APP but with selected residues replaced with the helix-
inducing aminoisobutyric acid (Aib) (Das et al. 2003). Surprisingly, D-peptides as well as
L-peptides could potently inhibit γ-secretase activity, but in either case structural
modifications that disrupt the helical conformation resulted in dramatically reduced potency.
Extension of the D-peptide series led to identification of a 13-residue helical peptide with an
IC50 of 140 pM (Bihel et al. 2004).

This class of inhibitor was converted to affinity labeling reagents and, like the transition-
state analogues, was found to directly bind to the PS1 NTF/CTF interface (Kornilova et al.
2005). However, competition experiments demonstrated that the helical peptide and
transition-state analogue inhibitors bind to separate sites, consistent with previous evidence
for an initial substrate docking site (Esler et al. 2002b, Beher et al. 2003). The finding that
these two types of inhibitors bind to distinct sites at the NTF/CTF interface suggests the
substrate passes between the two PS1 subunits when transitioning from docking site to
active site. Moreover, in contrast to a 10-residue helical peptide inhibitor, a 13-residue
helical peptide inhibitor could compete for binding to PS1 with a transition-state analogue as
well with its shorter 10-residue counterpart, suggesting that the active site and docking site
are in close proximity (i.e., the length of the three extra residues). Helical β-peptides
(containing β-amino acids) can likewise inhibit γ-secretase and compete with Aib-containing
helical α-peptide affinity probes for binding to PS1; that is, these β-peptides apparently also
bind to the initial substrate docking site (Imamura et al. 2009).

Another early prototype peptide-based inhibitor is compound 3 (or DAPT) (Fig. 2). This
dipeptide analogue was the result of medicinal chemistry optimization of an initial hit from a
high-throughput screening campaign (Dovey et al. 2001) and became an important research
tool in the study of γ-secretase. Compound 3 showed good inhibitory potency (IC50 for Aβ
lowering in cell-based assays of 20 nM) and was the first compound reported to be orally
active in vivo, capable of lowering brain Aβ levels in an APP transgenic mouse model with
an ED50 of 100 mg/kg. The conversion of this compound into a photoaffinity labeling
reagent led to identification of the PS1 CTF as the direct target (Morohashi et al. 2006). This
labeling could be blocked by transition-state analogue 2 or a helical peptide but only at
elevated concentrations, suggesting that the binding site for 3 is distinct from the active site
or the docking site, although it may overlap somewhat with these other sites. In this
scenario, 3 may bind in the “transit path” between initial substrate docking site and active
site. Related to 3 is the highly potent 4 (or compound E) (Fig. 2), in which the phenylglycine
moiety is replaced by a benzodiazepine (Seiffert et al. 2000). This compound could inhibit
Aβ production in cells with an IC50 of 300 pM. Surprisingly, a photoaffinity probe based on
4 labeled PS1 NTF but not the CTF, suggesting different binding pockets for the C-terminal
phenylglycine of 3 and the C-terminal benzodiazepine of 4 (Fuwa et al. 2007). Nevertheless,
because of their structural similarity and their ability to effectively block labeling by each
other’s photoaffinity probes, the binding sites for these two compounds are likely to be
otherwise closely similar.
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Further modification of 4 led to the exquisitely potent and in vivo active compound 5 (or
LY-411,575) (Fig. 2). With an IC50 for inhibition of cellular Aβ production of 30 pM and
good drug-like properties, 5 was highly effective in reducing brain Aβ levels in APP
transgenic mice upon oral dosing (ED50 < 1 mg/kg) (May et al. 2002). However, this
compound also illustrated the toxicity issues that might be expected of a GSI with no
selectivity for APP proteolysis vis-à-vis Notch. After treatment with 5 over the course of 15
days, gastrointestinal bleeding and immunosuppression due to peripheral inhibition of Notch
signaling was observed (Wong et al. 2004). Despite this ominous result, nonselective GSIs
of this type continued to be pursued on evidence from animal studies that careful dosing
could identify a therapeutic window [e.g., (Hyde et al. 2006)].

Further modifications of 5 resulted in 6 (LY-450,139, semigacestat) (Fig. 2), a compound
that advanced into phase III clinical trials, even though phase I and II trials demonstrated
lowering of steady-state Aβ levels in the plasma but not in the cerebrospinal fluid (Siemers
et al. 2005, Siemers et al. 2007, Fleisher et al. 2008). The phase III trial revealed severe
gastrointestinal toxicity, immunomodulation and skin cancer, effects expected from
inhibition of Notch proteolysis and signaling. Also of concern was the finding that cognition
in the drug-treated group worsened compared to placebo-treated, raising the possibility that
lowering brain Aβ levels may be the cause. However, as 6 is a nonselective GSI, the
negative effect on cognitive function is more likely attributable to blocking the proteolysis
of another substrate besides APP, stressing the need to identify selective inhibitors toward
the development of AD therapeutics.

Two other nonselective inhibitors are of particular note, as they were employed as chemical
probes for investigation of γ-secretase biology. One is the benzodiazepine 7 (or compound
D) (Fig. 3) developed by what was then Dupont Pharmaceuticals (Seiffert et al. 2000) (since
acquired by Bristol-Myers Squibb). Radiolabeling of this compound provided a tool to
visualize the binding sites in rodent brain, which were found in the olfactory bulb, cerebral
cortex, hippocampus and cerebellum (Yan et al. 2004). Brain regions labeled by 7 correlated
with regions of PS1 gene expression. The other useful probe is the caprolactam succinamide
8 (or compound C) (Fig. 3) developed by Dupont Pharmaceuticals. This GSI was among the
first to be converted into an affinity probe and shown to directly bind to presenilin (Seiffert
et al. 2000).

Some inhibitors have been reported to display selectivity for PS1-containing γ-secretase
complexes over PS2-containing complexes, including the arylsulfonamides 9 (or
ELN-318463) from Elan and 10 (or BMS-299,897) from Bristol-Myers Squibb (Fig. 4)
(Zhao et al. 2008). Through the generation of PS1/PS2 chimeras and point mutations,
specific residues (Leu172, Thr281 and Leu282) in PS1 were identified as necessary for the
selective inhibition. Although PS1 appears to account for ~80% of total Aβ production (De
Strooper et al. 1998), knockout of PS1 is perinatal lethal (Shen et al. 1997, Wong et al.
1997), and targeting PS1 selectively is not expected to prevent the toxic effects due to
inhibition of Notch signaling. Mice deficient in PS2, however, are viable and fertile and
develop only mild pulmonary fibrosis and hemorrhage with age (Herreman et al. 1999), and
the 20% Aβ production remaining in PS1 deficient mice has been attributed to PS2 (De
Strooper et al. 1998). A 20% reduction in brain Aβ may be sufficient for therapeutic
purposes, and targeting PS2 selectively over PS1 could be worthwhile and may be possible.
PS2 knockout mice, however, did not display any effect on APP processing (Herreman et al.
1999), although this may be due to compensation during development. Thus, at present there
is conflicting evidence regarding whether selective inhibition of PS2-containing γ-secretase
complexes would lower Aβ levels in the brain and do so effectively enough to prevent Aβ
aggregation and neurotoxicity.
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Modulators
Nonselective GSIs may have apparently insurmountable liabilities as AD therapeutic agents.
Therefore, extensive efforts have been expended toward identifying γ-secretase modulators
with more subtle effects on the activity of the protease. In general, modulators described to
date fall into two main categories. The first are compounds that do not change the
production of total Aβ but rather shift the spectrum of produced Aβ peptides toward shorter
forms that are more soluble and less pathogenic. Specifically, these compounds lower Aβ42
levels and elevate Aβ37–39. Such compounds appear to have similar effects on the
processing of the Notch receptor by γ-secretase; however, the release of the signaling
molecule NICD is not inhibited, and toxic effects due to interference with Notch function
are not observed. Compounds that alter Aβ production in this way are what are typically
meant by the term γ-secretase modulator, or GSM, in the literature, even though other types
of modulation are possible. The second type of modulator inhibits all cleavage of APP by γ-
secretase, thereby blocking the production of all Aβ peptides, while allowing Notch
proteolysis to continue, at least within a certain range of concentrations. Such compounds
are typically referred to as Notch-sparing GSIs. In this review, both categories are
considered modulators of γ-secretase activity, adjusting the activity as opposed to broadly
inhibiting it. These two categories are denoted here as Aβ42-lowering GSMs and Notch-
sparing GSMs.

Aβ42-lowering GSMs
The first type of Aβ42-lowering GSM to be reported was a subset of nonsteroid anti-
inflammatory drug, or NSAIDs (Weggen et al. 2001). These included ibuprofen, sulindac
sulfide and indomethacin but not naproxen or aspirin. The ability of these compounds to
lower Aβ42 in cells lacking cyclooxygenase demonstrated that the mechanism of action
does not involve this common NSAID target. In parallel with the reduction of Aβ42, the
compounds also elevated Aβ38, suggesting a precursor-product relationship between these
two Aβ peptides that has since been demonstrated as correct by the Ihara laboratory (Takami
et al. 2009).

Subsequently, the R enantiomer of fluriprofen, compound 11 (Fig. 5), was found to be an
Aβ42-lowering agent (Eriksen et al. 2003). As this enantiomer of a known drug is inactive
toward cyclooxygenase and showed promising effects in APP transgenic mice (Kukar et al.
2007), 11 (also called Flurizan) entered into clinical trials for the treatment of AD,
ultimately failing in phase III (Green et al. 2009) for reasons likely related to lack of potency
and poor brain penetration. As for the molecular mechanism of this class of compounds,
evidence suggests a direct effect on γ-secretase cleavage of APP (Weggen et al. 2003). The
APP substrate C99 itself was identified as a target (Kukar et al. 2008), although other
studies implicate the γ-secretase complex, particularly presenilin (Beher et al. 2004, Sato et
al. 2006).

An arylacetic acid related to NSAIDs, compound 12 (or CHF5074) (Fig. 5) from Chiesi
Farmaceutici, has been reported as an Aβ42-lowering agent that does not inhibit
cyclooxygenase (Peretto et al. 2005). Although the potency of this compound is weak (IC50
of 41 µM for inhibition of cellular Aβ42 production), 12 lowered Aβ plaque burden, restored
hippocampal neurogenesis, and reversed learning and memory deficits in APP transgenic
mice (Imbimbo et al. 2007, Imbimbo et al. 2009, Imbimbo et al. 2010). Another arylacetic
acid-type compound, 13 (or JNJ-40418677) (Fig. 5) from Johnson & Johnson and Jansen,
was also found to safely reduce Aβ plaque burden upon chronic treatment in APP transgenic
mice (Van Broeck et al. 2011). Piperidine acetic acids are another interesting class of Aβ-
lowering GSM that are structurally related to but distinct from the arylacetic acids. Potencies
approaching 200 nM for lowering Aβ42 in cell-based assays have been reported, and some
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of these compounds, exemplified by 14, can apparently get into the brain and reduce Aβ42
levels in rodents (Stanton et al. 2009).

A high throughput screening campaign followed by structure-activity optimization led to the
discovery of a completely different structural class of Aβ42-lowering GSMs, 2-
aminothiazoles that are exemplified by 15 (Fig. 5) (Kounnas et al. 2010). These compounds
are not only structurally distinct from the Aβ42-lowering NSAIDs, but they also appear to
work by a somewhat different mechanism and putatively through a different target within γ-
secretase. Compounds such as 4 inhibit the production of both Aβ40 and Aβ42 without
affecting total Aβ levels. In parallel, Aβ37 and Aβ38 are elevated. The potency of these
agents are much higher than what is seen with any NSAID-like compounds, with IC50s as
low as 5 nM for lowering Aβ42 in cell-based assays. The compounds could also inhibit
Aβ40 and Aβ42 production in a cell-free assay, suggesting a direct effect on γ-secretase
processing of APP.

Immobilization of one of these compounds to create an affinity matrix led to identification
of PS1 NTF, PS1 CTF and Pen-2 from detergent-solubilized cellular extracts (Kounnas et al.
2010). Pen-2 was isolated quantitatively, suggesting that this small 10-kDa membrane
protein component of γ-secretase is the direct target. However, as one of the detergents used
for the affinity chromatography (Triton X-100) is known to completely dissociate the γ-
secretase complex (Esler et al. 2002b) and no competition with free inhibitor was tested, the
possibility of a nonspecific interaction cannot be ruled out. Regardless of the exact
mechanism though, oral administration of 15 lowered brain Aβ42 levels in APP transgenic
mice, and chronic daily dosing over 7 months substantially reduced Aβ deposition and was
well tolerated, with no Notch-related toxicity observed.

Notch-sparing GSMs
Although inhibition of Notch signaling was identified as a potential problem for GSIs for
AD in 1999, it was unclear if selective inhibition of APP processing over that of Notch was
possible. Theoretically, the enzyme could possess a binding pocket for small molecules that
allosterically regulates substrate selectivity, but whether such a site might actually exist was
completely unknown. Isocoumarins were initially identified as selective inhibitors of Aβ
production from C99 that did not affect processing of Notch (Petit et al. 2001). However,
these compounds were not effect in cell-free assays (Esler et al. 2002a), and the direct target
and affected cellular pathways remain unknown. Paul Greengard’s laboratory then found
that the abl kinase inhibitor Gleevec (imatinib) could inhibit γ-secretase processing of C99
to Aβ with no effect on Notch processing (Netzer et al. 2003). This selective effect was also
observed in Abl kinase knockout cells, indicating another target mediated the Aβ-lowering
effect of Gleevec. Certain other compounds with kinase-inhibitor scaffolds could do the
same.

A subsequent study showed that ATP and other nucleotides could increase the ability of
purified γ-secretase to cleave APP substrate without affecting processing of a Notch
substrate (Fraering et al. 2005). The nonhydrolyzable ATP-γS had the same effect,
demonstrating that ATPase or kinase activities were not involved. Moreover, certain
compounds from a library of commercially available kinase inhibitors could block the
proteolysis of purified recombinant APP substrate and purified enzyme without inhibiting
the cleavage of a purified recombinant Notch substrate, demonstrating that the compounds
work by interacting directly with the enzyme, the substrate or both. An ATP photoaffinity
probe labeled PS1 CTF, which could be blocked by ATP and the APP-selective inhibitors.
Altogether, these results suggested that γ-secretase contains an allosteric site for small
molecules that could selectively alter APP processing over that of Notch. The role of
Gleevec per se, however, remained unclear, as pure Gleevec had no effect in the purified
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enzyme assay. The Greengard lab recently reported the identification of a γ-secretase-
activating protein (GSAP) as the direct target of Gleevec via affinity labeling, and
substantial evidence supported the ability of GSAP to regulate APP proteolysis by γ-
secretase but not Notch, both in cells and in cell-free assays (He et al. 2010). Knockdown of
GSAP in an APP transgenic mouse model reduced Aβ levels and plaque formation without
apparent Notch-related toxic effects, suggesting that GSAP may be a worthwhile target for
AD drug discovery.

More recently, drug discovery efforts have identified Notch-sparing GSMs with better
potencies and CNS drug-like characteristics. The thiophene-containing sulfonamide 16
(GSI-953, or begacestat) (Fig. 6), was reported by researchers at what was then Wyeth (now
part of Pfizer) to potently inhibit cellular production of Aβ by γ-secretase with an IC50 of 15
nM, while inhibition of Notch signaling was 14-fold less effective (Mayer et al. 2008, Kreft
et al. 2008). Note that these two assays are quite different, so the meaning of the 14-fold
selectivity is unclear. This compound was also more metabolically stable than earlier
prototypes developed at Wyeth and showed in vivo efficacy in an APP transgenic mouse
model, reducing Aβ40 and Aβ42 in the brain by 37% and 25%, respectively, 4 hours after a
5 mg/kg oral dose (Martone et al. 2009). Compound 16 was also able to reverse contextual
fear conditioning deficits in these mice. Lack of Notch-related toxic side effects encouraged
moving forward with this compound in clinical trials, and single-dose administration in
healthy volunteers produced a dose-dependent decrease in plasma Aβ levels (Martone et al.
2009). It remains unclear if the APP/Notch selectivity of this compound will be sufficient, as
several previous GSIs could chronically lower brain Aβ levels in animal models without
apparent Notch-related side effects. In general, a therapeutic window may be more readily
identified in a genetically homogeneous animal population maintained in the same
environment than in a heterogeneous population of AD patients living in a variety of
environments.

Bristol-Myers Squibb has also reported the Notch-sparing GSM 17 (BMS-708163) (Fig. 6),
which has advanced into clinical trials. Like the Wyeth compound, 17 is an arylsulfonamide,
but this oxadiazole-substituted analogue is considerably more potent, with an IC50 of 0.30
nM for inhibiting cellular Aβ production, and more selective with respect to Notch, with an
apparent selectivity of 193-fold (Gillman et al. 2010). As noted above for 16, the meaning of
the selectivity index is unclear, as the APP and Notch processing assays were quite different,
with the former measuring Aβ and the latter measuring a reporter signal. Compound 17
showed good pharmacokinetic properties in rats and dogs and also lowered brain and CSF
Aβ40 in both species at 1–2 mg/kg oral doses. Notably, chronic dosing at 10 times the
concentration required for lowering Aβ did not cause Notch-related toxic effects. The
correlation between brain and CSF Aβ40 lowering activity in dogs suggested that CSF Aβ40
may serve as a surrogate biomarker for brain Aβ40 levels in humans. Compound 17 also
lowered CSF Aβ40 and Aβ42 levels in healthy human volunteers with dosing up to 28 days.

Elan has also reported novel arylsulfonamides as Notch-sparing GSMs, exemplified by 9
(ELN318463) (Fig. 4) and 18 (ELN475516) (Fig. 6) (Basi et al. 2010). These compounds
have been reported to display 120- and 82-fold selectivity, respectively, for inhibiting Aβ
production in cells compared to inhibiting Notch signaling. Again, the differences between
the assays (Aβ measurement vs. signaling reporter) may make the selectivity seem higher
than what would be seen in more comparable assays. Indeed, the nonselective transition-
state analogue inhibitor 2 showed 14-fold selectively in these cellular assays, and enzyme
assays for APP and Notch substrates, in which the products were both measure by ELISA,
revealed 51- and 14.5-fold selectivity for 9 and 18, respectively. In vivo lowering of brain
Aβ in mice was observed after 7 days of dosing with 18 without overt signs of toxicity,
although one week is likely not long enough to reveal Notch-related effects. Another Elan
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sulfonamide, ELND-006, which has advanced into clinical trials, has been reported to have a
similar selectivity profile to 18. Whether this level of selectivity is sufficient for lower CSF
Aβ in human without Notch-related toxicity upon chronic exposure remains to be seen.

Pfizer has also developed a Notch-sparing GSM 19, although this compound, PF-3084014
(Fig. 6), is not an arylsulfonamide but rather a novel tetralin imidazole (Lanz et al. 2010).
This compound potently inhibited Aβ production in cells, with an IC50 of 1.2 nM, but
inhibited Notch-dependent maturation of B- and T-lymphocytes in a fetal mouse thymus
organ culture with IC50s of 1–3 µM. Again, comparing these two assays may not be
appropriate, and so it is difficult to know what to make of the 1,000–3,000-fold APP/Notch
selectivity of PF-3084014. As a benchmark, the relatively nonselective compound 5 showed
an IC50 of 21 pM for lowering cellular Aβ production and a mean IC50 in the fetal thymus
organ culture of 4 nM, a nearly 200-fold difference. Acute treatment in guinea pigs showed
some selectivity for reducing brain Aβ40 over the more aggregation-prone Aβ42. Of further
concern was the apparent elevation of Aβ43 levels. This longer Aβ variant has been recently
reported to lead to cerebral plaque formation and neurotoxicity in APP/PS1 double
transgenic mice (Saito et al. 2011) and may play an important role in AD pathogenesis. As
19 was administered subcutaneously or by osmotic pump to mice and guinea pigs, the oral
bioavailability of this compound is unclear.

Perspective and Future Studies
γ-Secretase remains a target of keen interest for the potential prevention or treatment of AD.
The focus, however, has clearly shifted toward modulators that minimize effects on Notch
signaling function, with compounds that either shift the site of γ-secretase cleavage to
produce shorter forms of Aβ or those that selectively inhibit APP processing by γ-secretase
while allowing the enzyme to continue processing Notch. Inhibitors and modulators have
also served as important research tools for the identification of the enzyme complex and
probes for the topology of the active site, the substrate docking site and allosteric binding
pockets. Present compounds under investigation may not have sufficient potency, brain
penetration or selectivity to effectively lower brain Aβ while avoiding Notch-related
toxicity.

Key questions remain: Is there a ceiling on the achievable APP/Notch selectivity of a GSM?
If interference with Notch function can be avoided, will other toxic effects be revealed due
to inhibition of intramembrane proteolysis of other γ-secretase substrates? Where are the
allosteric binding sites on the γ-secretase complex with which GSMs interact? What are the
topographies of these sites, and can this knowledge be leveraged for structure-based design?
Does substrate contribute to the binding site of GSMs? Answering these questions should
facilitate the development of optimal agents that would help provide the final test for the
amyloid hypothesis: the prevention or treatment of AD by safely blocking Aβ production in
the brain.

The abbreviations used are

Aβ amyloid β-peptide

AICD APP intracellular domain

APLP APP-like protein

APP amyloid β-protein precursor

AD Alzheimer disease
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BACE1 β-site APP-cleaving enzyme 1

CTF C-terminal fragment

GSI γ-secretase inhibitor

GSM γ-secretase modulator

NICD Notch intracellular domain

NTF N-terminal fragment

PS1 presenilin-1

PS2 presenilin-2
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Figure 1.
Transition-state analogue inhibitors of γ-secretase.
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Figure 2.
DAPT and related analogues.
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Figure 3.
Malonamide inhibitors of γ-secretase.
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Figure 4.
PS1-selective γ-secretase inhibitors.
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Figure 5.
Aβ42-lowering GSMs.
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Figure 6.
Notch-sparing GSMs.
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