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There are no drugs available for slowing down the rate of deterioration 
of patients with Alzheimer’s disease (AD). With the aim of altering the 
natural history of the disease, the pharmaceutical industry has designed 
and developed several compounds inhibiting g-secretase, the enzymatic 
complex generating b-amyloid (Ab) peptides (Ab1–40 and Ab1–42), believed to 
be involved in the pathophysiological cascade of AD, from amyloid precursor 
protein (APP). This article briefly reviews the profile of g-secretase inhibitors 
that have reached the clinic. Studies in both transgenic and nontransgenic 
animal models of AD have indicated that g-secretase inhibitors, administered 
by the oral route, are able to lower brain Ab concentrations. However, 
few data are available on the effects of these compounds on brain Ab 
deposition after prolonged administration. g-secretase inhibitors may cause 
abnormalities in the gastrointestinal tract, thymus, spleen, skin, and decrease 
in lymphocytes and alterations in hair color in experimental animals and in 
man, effects believed to be associated with the inhibition of the cleavage 
of Notch, a transmembrane receptor involved in regulating cell-fate 
decisions. Unfortunately, two large Phase  III clinical trials of semagacestat 
in mild-to-moderate AD patients were prematurely interrupted because 
of the observation of a detrimental cognitive and functional effect of the 
drug. The pejorative effects of semagacestat in AD patients may be due to 
its lack of selectivity on APP processing. The compound could inhibit the 
processing of one or more substrates of g-secretase important for cognition. 
It has been also noted that semagacestat causes the accumulation of a 
neurotoxic peptide (CTFb  or C99) resulting from the block of the g-secretase 
cleavage activity of APP. New more selective g-secretase inhibitors are being 
developed with the hope of overcoming these limitations.
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With an aging population and the increase in disease incidence, it is mandatory to 
develop disease-modifying therapies for Alzheimer’s disease (AD). In fact, AD is 
the most common type of dementia in clinical and autopsy surveys, associated with 
progressive cognitive decline and profound neuronal loss. The 2010 figures suggested 
5.3 million of estimated AD cases in the USA [1], with >26 million patients having 
AD worldwide, and an expected increase to more than 106 million by 2050  [2]. 
Currently, clinicians use the term AD to refer to a clinical entity that typically 
presents with a characteristic progressive amnestic disorder with subsequent appear-
ance of other cognitive, behavioral, and neuropsychiatric changes that impair social 
function and activities of daily living [3]. The initial presentation can also be atypical, 
with non-amnestic focal cortical cognitive symptoms [4]. Since the first description of 
the disease by Alois Alzheimer in the early 20th Century, much work has been under-
taken to identify the molecular basis of the disease. The majority of AD cases are 
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sporadic compared with fewer than 5% of familial cases 
that are caused by autosomal dominant inheritance of 
mutations in presenilin 1 (PS-1), presenilin 2 (PS-2), 
or amyloid precursor protein (APP) [5]. At autopsy, the 
most frequent pathological alterations in the brains of 
AD patients include extracellular deposits in specific 
brain regions, for example, neuritic or senile plaques 
(SPs), mainly composed of aggregates of a peptide with 
40 or 42 amino acid residues known as b-amyloid (Ab). 
In fact, from a neuropathological view, AD involves 
aberrant protein processing and is characterized by the 
presence of both intraneuronal protein clusters com-
posed of paired helical filaments of hyperphosphorilated 
tau protein (neurofibrillary tangles), and the extracel-
lular SPs. These two lesions represent the neuropatho-
logical hallmarks of the disease, and their observation 
during postmortem examination is still required for the 
diagnosis of AD. These pathological lesions first appear 
in the entorhinal regions of the hippocampus and then 
become widespread. The Ab peptide is the result of 
the metabolic processing of a complex transmembrane 
glycoprotein known as APP. APP may be metabolically 
processed according to two pathways. In the so-called 
non-amyloidogenic pathway, the a-secretase enzyme 
cleaves APP within the Ab sequence and releases extra-
cellularly the soluble N-terminal fragment, soluble APP 
(sAPP) a, that appears to exert neuroprotective activity. 
In the amyloidogenic pathway, the b-secretase enzyme 
releases sAPPb plus a 12 kDa protein fragment (C99 
or CTFb), which in turn is cleaved by the g-secretase 
enzyme giving way to Ab (Figure 1). The correlation 
among Ab histopathologic lesions, brain cell death and 
cognitive deficiency in AD represents the so called ‘amy-
loid cascade hypothesis’ of the disease, conceptualized 
in 1991 by Hardy and Allsop [6]. The updated version 
of this theory says that the oligomeric forms of Ab

1–42
 

are the main cause of neuronal death in AD [7,8].

Drugs targeting b-amyloid for the treatment 
of AD
At present, AD is treated with drugs that only provide 
symptomatic relief [9]. Many pharmaceutical companies 
are pursuing different paths to develop treatments for 
AD that aim to reverse or prevent the disease. Over 
the last 15  years, with astonishing advances in our 
understanding of the AD neurobiology, a number of 
therapeutics targeting Ab has been investigated [9–11]. 
Based on the amyloid cascade hypothesis, drugs that can 
prevent production, aggregation, and deposition of Ab 
are thought to be promising therapeutics for AD [12]. For 
potential AD treatment targeting the aggregation and 
deposition of Ab, several clearance facilitators by active 
and passive immunotherapy approaches are under inves-
tigation in clinical trials [13,14], while brain penetrant 

inhibitors of Ab aggregation have been identified and 
one of such compounds, PBT-2, has produced encour-
aging neuropsychological results in a recently completed 
Phase II study [15,16]. 

Much attention has been focused on the inhibition 
or modulation of activities of a-, b-, and g-secretases 
as disease-modifying therapies based on pathological 
mechanisms [17–20]. Unfortunately, the most biologically 
attractive of these proteases, b-secretase or b-site APP-
cleaving enzyme 1 (BACE-1; memapsin-2 and Asp-2), 
that regulates the first step of the amyloidogenic APP 
metabolism, was found to be particularly problematic 
to block and only few compounds (CTS21166 and 
LY2811376) have reached clinical testing so far [20]. 
Compounds that stimulate a-secretase, the enzyme 
responsible for the non-amyloidogenic metabolism of 
APP, are also being developed one of them, EHT-0202, 
has recently started a Phase II study [20]. Conversely, 
several inhibitors of g-secretase, the protease that regu-
lates the last metabolic step generating Ab, have been 
identified [18,19]. In particular, g-secretase is an unusual 
aspartyl protease that intramembranously cleaves a 
wide range of type I membrane proteins in addition 
to APP [21,22]. g-secretase complex is composed of four 
components that are required for the enzymatic activity: 
presenilin (PS), Aph-1, Pen-2 and nicastrin [22–25]. Two 
mammalian PS homologues exist, PS-1 and PS-2, and 
they show a high degree of homology (67%) and func-
tional redundancy. At present, more than 175 mutations 
in PSEN1 gene have been identified in aggressive early-
onset familial AD (FAD), and most of them elevate the 
Ab

1–42
:Ab

1–40
 ratio and interfere with the processing of 

APP and other g-secretase substrates  [26,27]. Extensive 
cellular, molecular, and biochemical analyses revealed 
that PS functions as a catalytic center of g-secretase [24]. 
Thus, the inhibition of the catalytic unit of the g-secre-
tase enzymatic complex appears to be a logical strategy 
for contrasting Ab accumulation in the brain of AD 
patients and indeed many potent, orally active and brain 
penetrant compounds have been synthesized and devel-
oped [18–20,28]. Unfortunately, g-secretase cleaves many 
other important substrates other than APP [29], one of 
the most relevant from toxicological point of view being 
Notch. Thus, g-secretase inhibitors block the processing 
of other proteins and this is the main cause of toxicity 
in preclinical testing and represents a major source of 
concern in clinical trials. 

A considerable advance in the field of g-secretase-
based drugs took place after the discovery that some 
small organic molecules [30] and mainly some commonly 
used nonsteroidal anti-inflammatory drugs (NSAIDs) 
selectively lowered Ab

1–42
 in cell culture and transgenic 

animal models, independently of cyclooxygenase activ-
ity [31,32]. Therefore, the (R)-enantiomers that have low 
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cyclooxygenase inhibitory activity still retain the ability 
to reduce Ab

1–42
 [31,33]. NSAIDs shift the cleavage of 

APP to promote shorter Ab species, in particular Ab
1–38

, 
but do not inhibit the cleavage of other g-secretase 
substrates [31,34,35]. In particular, a subset of US FDA-
approved NSAIDs (e.g., sulindac sulfide, ibuprofen and 

indomethacin) directly modulate g-secretase activity to 
selectively decrease the secretion of Ab

1–42 
accompanied 

by an increase in Ab
1–38

 generation, whereas the gen-
eration of APP intracellular domains (AICDs) was 
not significantly affected [31,33,36]. Interestingly, some 
NSAID- and lipid metabolism-related compounds 
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Figure 1. Overview of amyloid precursor protein processing. (A) Panel shows the APP region comprising the 
transmembrane sequence (underlined, bold) and the sequences of b-amyloid (Ab)1–40 (D

1-V40) and Ab1–42 (D
1-A42) 

peptides. The b-secretase cleaves at D1 and Y10. The a-secretase cleaves at Lys16, and the g-secretase cleaves at 
Val40 and/or Ala42. Below the sequence is a representation of APP with the residue numbers of interest in b- and 
g-secretase cleavage. (B) Represents the nonamyloidogenic a-secretase pathway in which sAPPa and C83 are 
generated. Subsequent hydrolysis by the g-secretase produces a p3 peptide that does not form amyloid deposits. 
(C) Represents the amyloidogenic pathway in which cleavage of APP by the b-secretase to liberate sAPPb and C99 
is followed by g-secretase processing to release Ab peptides (Ab1–40 and Ab1–42) found in plaque deposits. Cleavage 
by g-secretase of both C83 and C99 generates the APP intracellular domain. 
APP: Amyloid precursor protein; sAPP: Soluble APP. 
Reproduced with permission from [172] © 2003 American Chemical Society.
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(e.g., enofibrate) caused a significant increase in Ab
1–42 

levels accompanied by a decrease in Ab
1–38

 genera-
tion [37,38]. It has been also proposed that NSAID-like 
g-secretase modulators interact with the substrate (APP) 
rather than with the enzyme (g-secretase) [39,40]. Based 
on these initial observations, a new class of drugs called 
g-secretase modulators with both NSAID-like and 
non-NSAID structure has been developed in the last 
5 years [41,42].

The present review article focuses on the profile of 
g-secretase inhibitors that have reached the clinic and 
will discuss the pharmacological and clinical issues of 
this new class of anti-AD compounds both in terms 
of safety and efficacy. Therefore, the review will not 
include other anti-AD drugs targeting Ab, for example, 
g-secretase modulators [18–20,41,42], active and passive 
immunization [13,14], a-secretase activators [20], b-secre-
tase inhibitors [20], and Ab aggregation inhibitors [15,16]. 
We review studies from the primary English literature 
on g-secretase inhibitors published before March 2011. 
Studies were identified through the PubMed database 
of NCBI by author and the following keywords: drugs 
targeting b-amyloid; g-secretase inhibitors; dementia 
syndromes and AD.

Structure of g-secretase complex as a potential 
therapeutic target in AD 
g-Secretase is an intramembranous multiprotein com-
plex and an aspartyl protease that resides and cleaves 
within the lipid bilayer many type-I proteins with 
critical roles in neuronal function. In fact, g-secretase 
complex belongs to a group of proteases called intra-
membrane cleaving proteases (I-CLiPs) that are mem-
brane embedded enzymes. These enzymes hydrolyze 
transmembrane substrates and the residues essential 
to catalysis reside within the boundaries of the lipid 
bilayer [43]. Historically, clues regarding the molecular 
identity of g-secretase are first obtained in genetic stud-
ies on FAD. After the finding that mutations in the APP 
gene at the chromosome 21 are minor in total FAD ped-
igree, PS-1 and PS-2 genes were identified as major caus-
ative genes for FAD [5]. As seen above, at present, over 
175 point mutations in PS-1 and PS-2 genes have been 
linked to FAD [26,27]. In cell-based assays and transgenic 
mice, these FAD-linked mutations resulted in increased 
production of Ab1-42

, the highly self-aggregating and 
neurotoxic form of Ab, or an increased Ab

1–42
:Ab

1–40
 

ratio  [44–46]. On the contrary, cells derives from PS 
knockout mice lost g-secretase activity, suggesting that 
PS is a pivotal component of g-secretase activity [23,24,47]. 
AD is believed to be caused by a progressive cerebral 
accumulation of Ab, and the g-secretase activity, which 
consists of both PS-dependent and PS-independent 
activities [48–52], determines the length of Ab and 

therefore controls the Ab1-42
:Ab1-40

 ratio [53]. As seen 
above, this enzyme was shown to consist of four protein 
components: PS-1 or PS-2 (which contains the catalytic 
domain), nicastrin (which may serve to dock substrates), 
Aph-1, and Pen-2 in a 1:1:1:1 ratio [54] (Figure 2). PS-1 
and PS-2 are nine-transmembrane domain (TMD) 
proteins that must undergo endoproteolysis to gener-
ate active N- and C-terminal fragments, each of which 
contains an active site aspartate, and that remain closely 
associated [55,56]. The cleavage occurs in the large cyto-
plasmic loop between TMD6 and TMD7 within a 
short hydrophobic domain that is believed to dive into 
the membrane [24]. This endoproteolysis is believed 
to be an autoproteolytic event. Nicastrin is a type  I 
membrane glycoprotein with a large lumenal domain 
involved in the assembly, maturation and activation of 
the g-secretase complex  [57–59]. It is hypothesized that 
the free N-terminus of the g-secretase substrates first 
binds to the ectodomain of nicastrin [59,60], which may 
facilitate its interaction with the docking site on PS 
which is followed by relocation to the active site on PS 
where it is cleaved. However, whether the extracellular 
region of nicastrin plays a role in substrate recognition 
remains controversial [59,60]. Pen-2 is the smallest com-
ponent (≈10 kDa) of g-secretase, it encodes a two-TMD 
hairpin-like protein with both ends in the lumen, and 
is thought to be required for the stabilization of the 
PS fragments in the g-secretase complex [61,62]. Aph-1 
is a seven-TMD protein (≈20 kDa) with a cytosolic 
C-terminus whose function in g-secretase is currently 
unclear [62,63]. In humans, there are two paralog APH-1 
genes (APH-1A and B) but three variants of the Aph-1 
protein (Aph-1a with two splice variants, S and L respec-
tively, and Aph-1b) [64], which differentially incorpo-
rate in different g-secretase complexes [65,66]. Aph-1a is 
the major isoform present in g-secretase complexes [67]. 
Given that there are two PSs and three Aph-1 proteins, 
at least six different complexes exist with potentially 
different biological functions [65–69]. Consistent with 
this notion, complexes containing different Aph-1 or PS 
proteins have been shown to display distinct but over-
lapping g-secretase activities, and there is potential to 
target specific complexes for AD therapeutics [66,68–71]. 
Initially, nicastrin and Aph-1 form a subcomplex and 
subsequently PS is incorporated to form a heterotri-
meric subcomplex [72]. The addition of Pen-2 results in 
a mature complex and allows the activation of the com-
plex by endoproteolysis of PS  [73,74]. It is still debated 
the exact stoichiometry of the complex and whether 
oligomerization can occur in vivo  [75]. However, this 
phenomenon is unlikely to have a significant impact on 
the activity because it has been reported that purified 
g-secretase can be fully active in a monomeric form [75]. 
The structure elucidation of the g-secretase complexes 
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has been complicated by the lack of crystal structure of 
g-secretase [22]. However, the first high resolution (12 Å) 
structure of g-secretase have been recently obtained, and 
according to this low-resolution map obtained by elec-
tron microscopy studies [76–78], human g-secretase has 
an spherical structure with three potential interior cavi-
ties [77,78] or, alternatively, one interior central pore [76]. 
These cavities are open to either the extracellular space 
or the cytosol as well as an almost continuous surface 
groove at the membrane region that could be a substrate 
entry site. 

Since the initial studies that demonstrated that 
PS-1-dependent g-secretase is essential for the process-
ing of APP and the Notch receptor [23,79], more than 
70 type-I integral membrane proteins have been shown 
to be cleaved by g-secretase, some of them with critical 
cellular functions [22]. However, despite the fact that are 
known to be cleaved by g-secretase, the physiological 
function of these proteolytic events is poorly under-
stood [22]. g-Secretase displays poor substrate specificity, 
but a functional g-secretase cleavage has been clearly 
demonstrated for some substrates. Notch proteolysis by 
g-secretase generates an intracellular domain (NICD) 
which is essential for many cell differentiation events 
and neurite outgrowth [79,80]. Proteolysis of N-cadherin 
leads to degradation of the transcriptional factor CBP, 
and cleavage of ErB4 inhibits astrocyte differentia-
tion by interacting with repressors of astrocyte gene 
expression [81,82]. Cleavage of APP generates an AICD, 
although its role in signal transduction remains con-
troversial [83]. The long list of substrates processed by 
g-secretase has clear implications for the development of 
new therapies for AD and, in particular, for the search of 
g-secretase-based drugs. The challenge in AD research 
has been thus far to find a g-secretase inhibitor able to 
selectively lower Ab but without interfering with the 
cleavage of other important substrates. In fact, inter-
ference with the cleavage of substrates with important 
cellular functions, such as Notch, has been shown to 
be associated with serious adverse effects in animal 
models [84,85].

g-secretase inhbitors in clinical development for 
AD treatment
Based on a substantial cellular, molecular, and bio-
chemical body of evidence, the inhibition of the cata-
lytic unit of the g-secretase enzymatic complex may be 
therefore an attractive and valid therapeutic target for 
drug intervention in AD, counteracting Ab accumu-
lation  [86]. In particular, as seen above, some proper-
ties make g-secretase complex a highly interesting but 
challenging target [22]. In fact, g-secretase is an uncon-
ventional aspartyl protease that resides and cleaves its 
substrates within the lipid bilayer. Furthermore, AD 

is believed to be caused by a progressive cerebral accu-
mulation of Ab, and g-secretase cleaves APP to release 
Ab. Finally, g-secretase processes a wide range of type I 
membrane proteins, some of them with critical cellular 
functions [22]. Transition state analogue (TSA) inhibi-
tors (e.g., L-685,458 and 31-CIII), compounds designed 
to interact with the active site of g-secretase the pro-
tease, were found to bind directly to PS1 N-terminal 
fragment–C-terminal fragment heterodimer [87,88], 
which is the biologically active form. TSA inhibitors 
also block the cleavage of other g-secretase substrates, 
including the Notch receptor [89]. However, these TSA 
are used only for the discovery stage because of insta-
bility and inefficacy in vivo [19]. Importantly, discovery 
and chemical biological application of these TSA led 
to the conclusions that PS is a catalytic subunit in the 
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Figure 2. g-secretase enzymatic complex and of its processing of the 
C99 substrate. 
Aph-1: Anterior pharynx-defective-1; APP: Amyloid precursor protein; 
Pen-2: Presenilin enhancer-2. 
Reproduced with permission from [54] © 2009 American Chemical Society.
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g-secretase complex, that is aspartyl protease. A number 
of structurally diverse g-secretase inhibitors have been 
described in addition to the classical TSA. In fact, 
dipeptidic g-secretase inhibitors, the potent and cell-
permeable compounds, also inhibit Notch signaling. In 
2001, Elan and Eli Lilly firstly reported the in vivo inhi-
bition of brain Ab with N-[N-(3,5-difluorophenacetyl)-
l-alanyl]-S-phenylglycine t-butyl ester (DAPT), a pep-
tidomimetic g-secretase inhibitor [51,90]. Nevertheless, 
data on the cognitive effects of single and prolonged 
administration of g-secretase inhibitors in animal mod-
els of AD are scanty, the only published study being one 
on DAPT [91]. In this study, single oral doses of DAPT 
(100 mg/kg) reversed the contextual fear-conditioning 
deficit of Tg2576 mice only when administered before 
training. Peak inhibitions of approximately 30% in 
soluble brain Ab1-40

 and Ab1-42
 levels were measured 

at 4 and 8  h, respectively, after dosing [91]. Several 
other nonpeptidic, orally available, g-secretase inhibi-
tors have been synthesized [86]. Historically, the first 
g-secretase inhibitor publicly reported to reach the clinic 
is a compound synthesized at Bristol-Myers Squibb and 
the former SIBIA Neurosciences (BMS-299897)  [92]. 
Human testing of BMS-299897 started in 2001 but 
clinical data have never been fully described. The 
long-lasting lack of information on its clinical devel-
opment may indicate that it has been abandoned [92]. 
The benzodiazepine analog LY-411575 and benzol-
actam semagacestat (LY-450139), developed by Eli 
Lilly, are highly potent g-secretase inhibitors that have 
been tested extensively in  vivo to assess SP deposi-
tion in transgenic animals [93–96]. At least five other 
g-secretase inhibitors (PF-3084014, GSI-953, BMS-
708163, MK-0752 and ELND006) reached the clinic 
(Table 1 & Figure 3). For only one compound (semagace-
stat) clinical data have been fully published. Most of 
the information on the other compounds derives from 
congress communications.

■■ Semagacestat (LY-450139)
Semagacestat (LY-450139) (Figure 3) is the most well 
known g-secretase inhibitor that has reached clinical 
testing, and it is only 3-fold selective in inhibiting 
APP and Notch cleavage (APP IC

50
 = 15 nM, Notch 

EC50  =  49  nM) [96]. Among dipeptidic g-secretase 
inhibitors, the benzoazepinone derivative semagaces-
tat is a compound developed at Eli Lilly that has been 
widely tested in  vitro and in  vivo. In experimental 
animals, the effects of semagacestat on Ab levels in 
brain, cerebrospinal fluid (CSF) and plasma were well 
characterized in transgenic mice [97], nontransgenic 
mice [98], guinea pigs [99] and dogs [100]. In particular, 
in PDAPP transgenic mice expressing the ‘Indiana’ 
mutation (Val717Phe) of human APP (APPV717F), 

administration of single oral doses caused a dose-
dependent reduction in hippocampal Ab (maximum 
effect >40% reduction at 1  mg/kg), hippocampal 
Ab

1–42
, cortical Ab, and cortical Ab

1–42
. Inhibition was 

sustained for up to 12 h following a dose of 5 mg/kg. 
Efficacy was comparable with multiple doses (twice-
daily for 7 days), suggesting that the target was not 
desensitized [97]. In a comparative study of single-dose 
semagacestat in PDAPP and nontransgenic mice (dosed 
at 3 and 10 mg/kg orally, respectively), Ab

1–40
 levels 

were significantly decreased (~60%) in the plasma, CSF 
and hippocampus of PDAPP mice. In nontransgenic 
mice, however, there was a transient reduction in plasma 
Ab

1–40
 levels followed by a significant increase (~50%) 

at 9 h postdose; levels returned to baseline by 12–16 h 
postdose. Ab

1–40
 levels were significantly reduced (40–

50%) in the CSF and hippocampus at 1.5 h postdose, 
with a return to baseline by 12 h [98]. Nevertheless, the 
drug failed to show a statistically significant effect on 
brain plaque deposition in chronic studies in transgenic 
mice expressing mutated human APP

V717F
 (PDAPP 

mice)  [101]. In fact, long-term dosing of semagacestat 
(3, 10 or 30 mg/kg once-daily orally for 5 months) 
was also assessed in PDAPP mice. Ab

1–40
 levels were 

significantly reduced in the cortex and hippocampus 
(53 and 37%, respectively) by the highest dose; Ab

1–42
 

levels in the cortex were also reduced (32%). Cortical 
and hippocampal levels of Ab

1–40
 and Ab

1–42
 in animals 

treated at the lower doses did not significantly differen-
tiate from control; interestingly, there was a numerical 
trend of increase in both Ab

1–40
 and Ab

1–42
 levels (30 and 

25%, respectively) in the cortex of mice treated at 3 mg/
kg once-daily. Total plasma Ab was dose-dependently 
decreased; maximum inhibition (60%) was observed at 
the 30 mg/kg once-daily dose 3 h after the last dose with 
the effect persisting for approximately 6 h. Consistent 
with the mechanism of action, the concentrations of 
the carboxy-terminal fragment of APP in the cortex 
and hippocampus were dose-dependently increased by 
semagacestat treatment. Quantitative analysis of Ab 
immunohistochemistry data did not demonstrate signif-
icant changes in total plaque burden between treatment 
groups. However, the median plaque burden was 43 and 
48% lower in the cortex and hippocampus, respectively, 
of treated animals compared with controls [101]. More 
importantly, no data are available on the cognitive or 
behavioral effects of the drug in animal models of AD 
[102]. The lack of cognitive effects of semagacestat in 
animals could be linked to the fact that the drug has 
neurotoxic effects in vivo. A study employing in vivo 
two-photon imaging showed that dendritic spines 
get irreversibly lost in the cerebral cortex of wild-type 
mice after only 4 days of treatment with semagaces-
tat (30 mg/kg subcutaneously). The same experiments 
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carried out in APP-deficient mice 
suggested that APP-cleavage prod-
ucts (probably an accumulation of 
C-terminal fragments), are critically 
involved [103].

A Phase  I study evaluated the 
safety and tolerability and biomarker 
responses to single oral doses of 
semagacestat 60, 100, or 140 mg in 
31 healthy male and female volun-
teers (≥40 years) [104]. No clinically 
significant adverse events or labora-
tory changes were observed in this 
study. A dose-proportional increase 
in drug exposure was observed in 
plasma and in CSF with an esti-
mated CNS penetration of 8%. 
Peak drug plasma levels occurred 
at 1  h and then declined with a 
half-life of 2.5 h. A dose-dependent 
decrease in plasma Ab

1–40
 levels was 

also demonstrated with maximum 
inhibition (-73%) at 6 h after the 
administration of the 140‑mg dose. 
A rebound effect on plasma Ab

1–40
 

levels was observed at 8–12 h after 
administration and lasted for at 
least the 24 h. CSF concentrations 
of Ab were unchanged 4  h after 
drug administration [104]. In a sec-
ond Phase I study, semagacestat was 
administered to 37 healthy men and 
women (≥45 years) for up to 14 days 
at doses of 5, 20, 40 and 50 mg once-
daily [105]. Two subjects in the 50 mg 
dose group developed possibly drug-
related adverse events and discon-
tinued treatment. The first subject 
had significant increases in serum 
amylase and lipase and complained 
of moderate abdominal pain. The 
other subject reported diarrhea that 
was positive for occult blood. The 
plasma half-life of semagacestat was 
found to be approximately 2.5 h and 
peak plasma concentrations were 
achieved approximately 1  h after 
administration. The 50-mg dose 
caused a maximal 40% reduction 
in total plasma Ab that returned to 
baseline within 8 h. After return-
ing to baseline, plasma Ab levels 
increased to approximately 300% of 
baseline values at 15 h before slowly Ta
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declining again. At lower doses, smaller and shorter 
decreases in plasma Ab were observed, although the sub-
sequent plasma Ab increases were similar. No significant 
changes in CSF Ab levels were detected [105].

Semagacestat has been evaluated also in AD patients 
in Phase II studies [106,107]. In a first randomized, pla-
cebo-controlled trial, 70  patients received the drug 
for 6 weeks (30 mg once-daily for 1 week followed by 
40 mg once-daily for 5 weeks) [106]. Six patients taking 
semagacestat reported diarrhea. A 76-year-old man on 
semagacestat had gastrointestinal bleeding associated 
to a Barrett esophagus, a clinical condition character-
ized by the conversion of normal squamous cells into 
abnormal specialized columnar cells. Approximately 
4 months after discontinuing treatment, the patient 
developed endocarditis and approximately 1 month 
thereafter, died. In the semagacestat-treated group, cir-
culating CD69, T lymphocytes, eosinophils, and serum 
concentrations of potassium and inorganic phosphorus 
showed statistically significant changes, although these 
findings were reported as ‘clinically irrelevant’. Plasma 
Ab

1–40
 concentrations of patients taking the compound 

decreased significantly by 38% compared with base-
line. The lowest concentration was achieved approxi-
mately 3 h after administration of a 40-mg dose and 
returned to baseline approximately 7 h postdose. Ab1-40 

concentrations in CSF did not decrease significantly.
Another study evaluated the safety, tolerability, and 

Ab response to semagacestat in 51 AD patients treated 
for 14 weeks [107]. Patients were randomized to receive 
placebo (n = 15) or semagacestat (n = 36). Patients on 

semagacestat received 60 mg once-
daily for 2 weeks, then 100 mg once-
daily for 6 weeks, and then either 100 
or 140 mg once-daily for 6 additional 
weeks. Forty-three patients com-
pleted the study. There were seven 
cases of skin rashes and three reports 
of hair color change in the drug 
treatment groups. There were three 
adverse event-related discontinua-
tions, including one transient bowel 
obstruction. Compared with pla-
cebo, Ab1-40

 plasma concentrations 
were reduced by 58% in the 100‑mg 
group and 65% in the 140-mg group. 
No significant reduction was seen 
in CSF Ab levels. No differences 
were seen in cognitive or functional 
measures between placebo-and 
semagacestat-treated patients.

A recent study using a sta-
ble isotope-labelled aminoacid 
(13C

6
-leucine) in 20 healthy volun-

teers has shown that semagacestat 
(100, 140 and 280 mg) is able to acutely lower Ab in 
CSF [108]. CSF was collected hourly with a lumbar cath-
eter. A dose-dependent decrease in levels of newly-gen-
erated Ab was observed; this was statistically significant 
at all doses versus placebo. The mean decrease in Ab 
generation was 47, 52 and 84% over a 12-h period with 
doses of 100, 140 and 280 mg, respectively. There was 
a significant inverse relationship between semagacestat 
concentrations in the CSF and the amount of newly gen-
erated Ab in CSF (r = -0.646; p = 0.002). Furthermore, 
the AUC of CSF Ab (measured by ELISA) tended to 
decrease in this time period, with significance from pla-
cebo achieved in the 280-mg group (48.2% decrease). 
Interestingly, there was a rebound effect on CSF Ab1-42

 
concentrations at later times (24–36  h); compared 
with placebo, a twofold increase was observed at 30 h 
with the 280-mg dose. Clearance of Ab was unaffected 
by semagacestat.

With the aim of verifying whether semagacestat was 
able to slow the Ab deposition and neurodegeneration, 
in March 2008, Eli Lilly initiated its first Phase III trial, 
called the IDENTITY trial, that was a randomized, 
double-blind, placebo-controlled, parallel-assignment, 
multicenter clinical trial (NCT00594568; H6L-MC-
LFAN) in patients with mild-to-moderate AD (expected 
n = 1,500). Patients were treated with semagacestat (100 
or 140 mg orally, once-daily) for 21 months, with the 
option of enrolling in an open-label extension trial for 
further treatment. Patients taking symptomatic treat-
ments for AD were permitted to continue treatment. 
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Figure 3. g-secretase inhibitors that have reached clinical development.
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The trial incorporated a ‘randomized delayed start’ 
design, which means that patients initially assigned 
to the placebo arm will be administered semagaces-
tat sometime before the end of the 21-month period 
to assess the effects on disease progression. The pri-
mary outcome measures of efficacy are the Alzheimer’s 
Disease Assessment Scale-Cognition (ADAS-cog) for 
cognition and the Alzheimer’s Disease Cooperative 
Study – Activities of Daily Living scale (ADCS-ADL) 
for functionality. Secondary end points included Ab lev-
els in plasma and CSF and other brain biomarkers deter-
mined by neuroimaging. Eli Lilly initially estimated the 
trial would be completed by March 2012 [102,201]. 

A second Phase  III trial, called IDENTITY-2 
(NCT00762411; H6L-MC-LFBC), was also started 
in patients with mild-to-moderate AD (expected 
n = 1100). Patients would be treated with semagaces-
tat (60 mg orally once-daily, titrated to 140 mg orally 
once-daily) for 21 months, with the option of enroll-
ing in an open-label extension trial for further treat-
ment. Patients taking symptomatic treatments for AD 
were permitted to continue treatment. The trial also 
incorporated a randomized delayed start design, simi-
lar to IDENTITY. The primary outcome measures 
of efficacy is the ADAS-Cog scale for cognition and 
the ADCS-ADL scale for functionality. Secondary 
end points include other dementia rating scales, Ab 
levels in plasma and CSF and other brain biomarkers 
determined by neuroimaging. The dose titration based 
on patient tolerability was designed to provide a more 
‘real-world simulation’ of semagacestat. Eli Lilly ini-
tially estimated the trial would be completed by March 
2012 [102,202]. Finally, in December 2009, Eli Lilly 
launched an open-label extension called IDENTITY 
XT (NCT01035138) for AD patients who completed 
one of the two semagacestat Phase  III double-blind 
studies, IDENTITY or IDENTITY-2 (H6L-MC-
LFAN or H6L-MC-LFBC), with an estimated enrol-
ment of 1700 patients and an initial estimated study 
completion by January 2014 [203]. 

However, on August 17, 2010, Eli Lilly announced 
the end of the clinical development of semagacestat. In 
fact, preliminary results from the two Phase III trials 
showed that semagacestat worsened clinical measures 
of cognition and the ability to perform activities of 
daily living compared with placebo. In addition, data 
showed semagacestat was associated with an increased 
risk of skin cancer compared with those who received 
placebo. The detrimental effects of semagacestat 
appeared to be dose-dependent [109]. These negative 
findings in more than 2600 patients lead the company 
to interrupt the development of semagacestat, although 
the two Phase III studies plus the open-label exten-
sion IDENTITY XT are still ongoing in double-blind 

conditions to follow up the cognitive and clinical 
conditions of the patients  [109]. It has been recently 
disclosed that the detrimental effects of semagacestat 
on cognition and on activity of daily living of the AD 
patients are dose-dependent and it has been hypoth-
esized that lack of selectivity of semagacestat on the 
processing of other g-secretase substrates and the 
accumulation of the neurotoxic precursor of Ab (the 
carboxy-terminal fragment of APP, or CTFb) may play 
a role [109,110]. It has been also argued that g-secretase 
inhibitors should be employed in the very early stages 
of the disease progression (patients with mild cognitive 
impairment or patients with ‘prodromal’ AD) when 
neuronal loss is still limited. Thus, the inclusion of 
patients with mild-to-moderate AD in the semagacestat 
Phase III trials could also explain the negative outcome 
of these studies.

■■ PF-3084014
PF-3084014 (Figure 3) is a novel aminotetraline deriva-
tive, potent, Notch-sparing, g-secretase inhibitor in 
development at Pfizer. In a cell-free assay, PF-3084014 
appears to be a potent, noncompetitive but reversible 
inhibitor of human g-secretase activity with an IC

50
 

of 6.2 nM [111]. In a whole-cell assay, PF-3084014 
displays an IC

50
 of 1.3 nM. In fetal thymus organ 

culture assay, PF-3084014 appears to be a weak inhibi-
tor of Notch signaling with an IC

50
 of 1915 nM. The 

APP to Notch selectivity ratio is 1473. In guinea-
pigs, dose-response inhibition of total Ab levels was 
observed in plasma, CSF and brain after subcutane-
ous administration (0.03–10 mg/kg). At the highest 
dose (10 mg/kg), Ab levels were reduced by 70% in 
brain and plasma, and by 50% in CSF, which was 
maintained at 30 h postdose. No late rebound effects 
on plasma Ab were observed. Drug levels in the brain 
were similar to that measured in plasma. Studies in 
young (plaque-free) Tg2576 transgenic mice showed 
that brain, CSF, and plasma levels of Ab were inhib-
ited dose-dependently following doses of 1–18 mg/kg. 
At the highest dose (18 mg/kg), Ab levels were reduced 
by 78% in brain, 72% in CSF and 92% in plasma. 
Ab

1–40
 was most potently inhibited in all compart-

ments. Ab
1–42

 showed approximately 20% less reduc-
tion than Ab

1–40
 in all compartments [111]. However, 

dose-dependent increases in Ab
11–40

 and Ab
1–43

 were 
seen at doses that potently inhibited Ab

1–40
 and Ab

1–42
. 

In addition, PF-3084014, like previously described 
g-secretase inhibitors, preferentially reduced Ab

1–40
 

relative to Ab
1–42

 [111].
In healthy volunteers enrolled in a Phase I study, 

single doses were associated with mild and self-
limiting adverse events, no apparent clinically rel-
evant changes in vital signs and no significant ECG 
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trends  [112]. Doses of 1–120 mg were safe and well 
tolerated, and the maximum tolerated dose was not 
identif ied. Mean pharmacokinetic variables with 
the single 120 mg dose included an oral clearance of 
approximately 16 ml/min/kg, an half-life of approxi-
mately 19 h, a mean C

max
 of approximately 21 nM and 

an average steady-state concentration of approximately 
4 nM [112]. However, an analysis of pharmacokinetic/
pharmacodynamic data from a study of multiple oral 
dosing in humans led to the decision to end develop-
ment of the compound for AD [113]. Plasma drug and 
Ab concentrations collected from 18 healthy volun-
teers given 40 or 90 mg once-daily for 14 days were 
used to model the relationship between these concen-
trations. Pharmacokinetic/pharmacodynamic profiles 
for these doses were used to extrapolate the profile 
at higher doses. This population pharmacokinetic/
pharmacodynamic analysis yielded the finding that 
exposure levels needed to reach the prespecified area 
above the effect curve target for plasma inhibition of 
Ab1-40

 on day 14 relative to day 1 were two- to three-
fold higher than exposure limits based on animal 
toxicology data. As a result, much higher doses than 
those previously used would be need to attain a high 
probability of technical success [113]. PF-3084014 has 
now entered clinical study as an anticancer agent. A 
Phase I study in patients with advanced solid tumors 
and leukemia, with an estimated enrolment of 60, is 
currently recruiting patients (NCT00878189) [204]. 

■■ Begacestat (GSI-953)
Begacestat (GSI-953) (Figure 3) is a novel thiophene 
sulfonamide g-secretase inhibitor in development 
at Wyeth/Pfizer that selectively inhibits cleavage of 
APP over Notch. This compound inhibits Ab pro-
duction with low nanomolar potency in both cellular 
(Ab

1–40
 EC

50
 = 14.8 nM, Ab

 1–42
 EC

50
 = 12.4 nM)) 

and cell-free (IC
50

  =  8  nM) assays [114]. The com-
pound determines CTFb elevation in cellular assay 
with an EC

50
 = 6.6. nM. Cellular assays of Notch 

cleavage reveal that this compound is 17-fold selec-
tive for the inhibition of APP cleavage (Notch 
EC

50
 = 208.5 nM)  [114]. In Tg2576 mice, a 100 mg/

kg doses of begacestat markedly reduced Ab
1–40

 and 
Ab

1–42
 levels in both CSF (maximum ≈ 90% inhibi-

tion) and in brain (maximum ≈60% inhibition). At 
30 mg/kg, brain Ab levels were significantly reduced 
for 24 h with maximum effects between 4 and 6 h. 
The minimal efficacious doses were 1 mg/kg on brain 
Ab

1–40
 and 2.5 mg/kg on brain Ab

1–42
. Importantly, 

this compound has been reported to attenuate dose-
dependently contextual memory deficit in Tg2576 
transgenic mice with the effect being significant at 
10 mg/kg [114]. In mice, the drug showed a very good 

blood–brain barrier penetration with brain-to-plasma 
exposure ratios ranging from 1.1 to 1.3. Interestingly, 
CSF drug levels were lower than those measured in 
plasma (5–10%) [114]. 

In a first-in-man study in healthy human volun-
teers, oral administration of single doses of begace-
stat (3–600 mg) produced dose-dependent transient 
reductions in plasma Ab

1–40
 levels with maximum 

inhibition of 40% with 600 mg at 2 h. Rebounds in 
plasma Ab

1–40
 levels were visible at later times [114]. 

Other studies have described the pharmacokinetic, 
pharmacodynamic and tolerability profile of begace-
stat after single oral administration in young subjects 
and in AD patients [115]. Begacestat was well-tolerated 
and no dose-limiting adverse events were observed, 
and it was rapidly absorbed in both young subjects 
and AD patients (T

max
 = 1–2 h). Drug plasma levels 

increased proportionally to the dose. Plasma elimina-
tion half-life was also similar in the two populations 
(7–8 h). Drug concentrations in CSF were tenfold 
lower than in plasma in both young and AD subjects 
[115]. For both young healthy subjects and AD patients, 
a biphasic pattern of plasma Ab

1-40
 concentrations was 

observed, with an initial reduction below baseline for 
approximately 4  h, followed by a second phase of 
increased concentrations above baseline lasting up to 
48 h before returning to baseline. Maximum inhibi-
tion in plasma Ab1-40

 concentrations was observed at 
2 h with a 28% reduction in AD subjects and 33% 
reduction in young subjects. Notably, initial reduc-
tions in plasma concentrations were less pronounced 
for Ab1-42

 than Ab1-40
. Maximum reductions in plasma 

Ab1-42
 were only 7% in AD subjects and 17% in young 

subjects. Subsequent increases in Ab1-42
 above baseline 

were similar to those of Ab
1–40

 in magnitude and dura-
tion. No significant effects of the drug on CSF Ab

1–40
 

levels were observed in either AD patients or young 
volunteers [115].

A translational medicine study was subsequently 
performed on begacestat, comparing pharmacoki-
netic/pharmacodynamic biomarker relationships 
in Tg2576 mice and humans [116]. It was found that 
a 10 mg/kg dose in Tg2576 mice produces different 
drug exposures and inhibitory effects on Ab in plasma 
(AUC

0–3
 = 5951 ng h/ml, 9–20% Ab inhibition), brain 

(AUC
0–3

 = 9338 ng h/ml, 22–33% Ab inhibition) and 
CSF (AUC

0–3
 = 350 ng h/ml, no Ab inhibition). In AD 

patients receiving a 450 mg dose, drug exposures and Ab 
inhibitory effects in plasma (AUC

0–3
 = 2334 ng h/ml, 

28% Ab inhibition) and CSF (AUC
0–3

 = 240 ng h/ml, 
no Ab inhibition) were correlated with the Tg2576 
results and suggested that the exposure in human 
brain would lead to AUC

0–3
 = 2400 ng·h/ml, which 

should produce brain Ab inhibition similar to what was 
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observed in plasma [116]. No clinical trials of begace-
stat in AD patients are presently registered in the 
ClinicalTrials.gov website.

■■ BMS-708163
A potent, Notch-sparing, g-secretase inhibitor in 
development at Bristol-Myers Squibb is the benzene 
sulfonamide BMS-708163 (Figure 3), in which an oxa-
diazolylbenzyl group is attached to the sulfonamide 
nitrogen. In vitro, the drug shows a 193-fold selectiv-
ity versus Notch cleavage (Ab

1‑40
 IC

50
 = 0.3 nM and 

Notch EC
50

 = 58 nM) [117]. Studies in rats have shown 
that BMS-708163 dose-dependently decreases CSF and 
brain Ab

1–40
 levels without causing Notch-related gas-

trointestinal and lymphoid toxicity [60]. In dogs receiv-
ing 2 mg/kg orally, a decrease in brain and CSF Ab

1–40
 

levels were observed for at least 24 h and peak inhibition 
approximately 75% in CSF and 50% in the cortex [117].

Studies in healthy young subjects have indicated 
that BMS-708163 is well tolerated up to 400 mg after 
single administration and up to 150 mg once-daily 
after multiple doses for 28 days [118]. After oral admin-
istration, BMS-708163 appears to be quickly absorbed 
(T

max
 = 1–2 h), to produce systemic exposure propor-

tional to the dose (up to 200 mg) and to be slowly 
eliminated (terminal half-life ≈40 h). The effects of 
BMS-708163 on CSF Ab levels in humans were evalu-
ated after both single and multiple oral doses. At 12 h 
after a single administration, doses of 200 and 400 mg 
to young subjects produced 37 and 40% reductions, 
respectively in CSF Ab1-40

 levels versus baseline. The 
corresponding inhibitory values for CSF Ab1-42

 levels 
were 32% and 34%, respectively. Exposure for BMS-
708 in CSF was much lower (<1%) than in plasma [119]. 
After multiple administrations for 4 weeks (50–150 mg 
once-daily), steady-state trough CSF Ab1-40

 levels were 
reduced dose-dependently compared with baseline 
values [120]. A 24-week dose-range (25, 50, 100 and 
125 mg once-daily) finding Phase II study in 209 mild-
to-moderate AD patients has been completed in June 
2010 but data have not been released (NCT00810147) 
[205]. A 104-week Phase II study in patients with pro-
dromal AD was started in May 2009 and is still recruit-
ing patients (NCT00890890) [206]. Initially, the study 
was planned to last 52 weeks and later was amended 
to prolong treatment to 104 weeks. Dosing regimens 
were initially 50, 100 and 125 mg once-daily. Later, 
the two upper doses were likely discontinued based on 
the results of a previous 6-month dose-range finding 
study in mild-to-moderate AD patients in which poor 
tolerability and detrimental effects on cognition were 
observed at 100 and 125 mg once-daily doses [121]. The 
estimated primary completion date for the study on 
prodromal AD patients is December 2012 [206].

■■ MK-0752
MK-0752 (no structure disclosed) is a potent g-secretase 
inhibitor (IC

50
 = 50 nM) that Merck is developing and 

that does not distinguish between APP and Notch. 
Doses of 30 or 60 mg/kg orally to rhesus monkeys pro-
duced high plasma levels (C

max
 of 32 or 88 µM and an 

AUC of 477 or 858 µM h, respectively) but unfortu-
nately spleen and ileum toxicity due to inhibition of 
Notch signaling  [122]. A Phase  I study evaluated the 
safety, tolerability, pharmacokinetics and pharmacody-
namics of single oral doses (110–1000 mg) of MK-0752 
in 27 healthy young men [123]. The drug was generally 
well tolerated. Drug plasma levels increased proportion-
ally to the dose, peaked at 3–4 h and then declined with 
a half-life of approximately 20 h. MK-0752 CSF levels 
were similar to unbound plasma concentrations, sug-
gesting a good penetration of the drug into the CNS. 
MK-0752 doses of 500 mg significantly inhibited for 
12 h Ab

1–40
 concentrations in CSF with a peak inhibi-

tory effect of 35%. After 1000 mg, CSF Ab1-40
 inhibi-

tion was sustained over 24 h. Plasma Ab
1–40

 concentra-
tions also showed a dose-dependent decrease but were 
followed by a later rebound over baseline levels.

Increasing evidence implicates the Notch pathway 
in normal T-cell lymphopoiesis and the pathogenesis 
of several human malignancies. Although MK-0752 
was initially developed as a treatment for AD, in mid 
2005, Phase I trials in patients with advanced breast 
cancer and in patients with T-cell acute lymphoblastic 
leukemia (T-ALL) were initiated and results were pre-
sented in June 2006 [124]. Indeed, there is increasing 
interest in the applicability of g-secretase inhibitors to 
the treatment of cancer. MK-0752 has been shown to 
inhibit g-secretase-mediated cleavage of Notch with an 
IC

50
 of 55 nM. Prolonged activation of the Notch sig-

nal transduction pathway occurs in more than 50% of 
patients with T-ALL and is important in the pathogen-
esis of the disease. Preclinical studies indicate that phar-
macologic inhibition of g-secretase activity suppresses 
T-ALL cell growth and induces apoptosis by preventing 
cleavage of Notch, thus preventing prolonged activa-
tion in downstream pathways. Unfortunately, studies 
with MK-0752 in pediatric and adult patients with 
T-ALL and acute myeloid leukemia reported that drug 
was associated with gastrointestinal toxicity and fatigue 
without substantive clinical activity [124]. An intermit-
tent dosing schedule appears to reduce toxicity while 
demonstrating adequate target inhibition, warranting 
further evaluation [125]. In February 2008, the Phase I/II 
trial of MK-0752 in combination with docetaxel began 
in 30 patients with locally advanced or metastatic breast 
cancer (NCT00645333). The primary outcome was 
dose limiting toxicity. At that time, the estimated study 
completion date was March 2012 [207]. In May 2008, 
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an open-label, uncontrolled pilot study was initiated in 
20 women with early stage, estrogen receptor-positive 
breast cancer to establish the safety and tolerability of 
MK-0752 in the presurgical setting in combination with 
tamoxifen or letrozole (NCT00756717). The study was 
expected to complete in late 2010 [208]. 

■■ ELND-006
Recently, Elan Pharmaceuticals started the development 
of another novel g-secretase inhibitor, ELND-006. The 
chemical structure of ELND-006 is still undisclosed. 
Like BMS-708163, ELND-006 is claimed to be an 
‘APP-selective’ g-secretase inhibitor. These compounds 
are thought to interact with g-secretase outside the cata-
lytic site, but the precise binding site and mode of action 
is not known. The potency and in vivo characteriza-
tion of the agent after oral administration was recently 
described. In cellular and enzymatic assays, ELND-006 
displayed some selectivity for APP, inhibiting APP and 
Notch cleavage with IC

50
 values of 0.34 and 5.3 nM, 

respectively, and inhibiting Ab production and Notch 
signaling in cells with IC

50
 values of 1.1 and 81.6 nM, 

respectively [126]. It is not know if this in vitro selectivity 
is high enough to translate in in vivo selectivity. Brain/
plasma ratios exceeded one in both rodents and nonhu-
man primates, indicating a very good brain penetra-
tion [126,127]. After oral administration (0.3–30 mg kg) 
to wild-type mice, PDAPP mice, wild-type rats or 
wild-type guinea pigs, ELND-006 was associated with 
significant reductions in CSF Ab [126]. In cynomolgus 
monkeys, an oral dose regimen of 0.3 mg/kg once-daily 
for 13 weeks produced a decrease of brain Ab levels of at 
least 25% for approximately 24 h [127]. ELND-006 con-
centrations in plasma needed to reduce Ab in brain were 
consistent across species. Similarly to other g-secretase 
inhibitors, ELND-006 administration determined late 
rebounds in plasma Ab levels in both rodent and non-
human primate [126,127]. Studies in PDAPP transgenic 
mice indicated that treatment with 12.5 mg/kg once-
daily for 13 weeks significantly reduced hippocampal 
amyloid burden and brain Ab levels but not of dystro-
phic neurites [128]. More prolonged treatment with the 
same dose significantly reduced both plaque burden and 
dystrophic neuritis but not brain Ab levels measured by 
ELISA [128]. According to Elan, ELND-006 is currently 
being evaluated in Phase I studies.

Future perspective
The exact mechanisms leading to AD are largely 
unknown and this limits the identification of effective 
disease-modifying therapies [129]. In the last 15 years, 
most of the efforts of the pharmaceutical industry has 
been directed against the production and the accu-
mulation of Ab [9–11]. Unfortunately, up to now, these 

efforts have not produced effective therapies. Between 
the several failures observed in the last 5 years, those 
on g-secretase inhibitors appear particularly disappoint-
ing both in terms of safety and efficacy [28]. g-secretase 
inhibitors block proteolysis of Notch by inhibiting cleav-
age between Gly-1743 and Val-1744 at a site (termed 
site 3 or S3) that lies near the cytoplasmic side of the 
lipid bilayer [89]. Physiological cleavage of Notch leads 
to release of the NICD, a protein fragment that is trans-
located to the nucleus where it regulates transcription 
of target genes involved in cell development and in dif-
ferentiation of adult self-renewing cells. The inhibitory 
effects of g-secretase inhibitors on Notch activation in 
embryonic and fetal development may not be of concern 
for the treatment of AD patients. However, it is known 
that Notch signaling plays an important role in the ongo-
ing differentiation processes of the immune system [130], 
gastrointestinal tract [131], and epidermis [132]. Treatment 
of mice with g-secretase inhibitors can cause severe gas-
trointestinal toxicity and compromise the proper matu-
ration of B- and T-lymphocytes [84,133]. Notch signaling 
is also present in the mature brain where its activation 
influences structural and functional plasticity including 
processes involved in learning and memories [134]. Mice 
heterozygous for a null mutation in the gene encoding 
Notch1 display deficits in spatial learning [135] and mice 
overexpressing Notch1 antisense mRNA have approxi-
mately 50% of the normal levels of Notch protein in the 
hippocampus and do not display long-term potentiation 
(LTP) in response to high-frequency stimulation [136]. 
Thus, the detrimental cognitive and functional effects 
of semagacestat observed in the interrupted Phase III 
clinical trials may be ascribed to its interference activity 
on Notch signaling. The increased rate of skin cancer 
observed with semagacestat in AD patients could be 
also linked to the drug inhibitory activity on Notch1 
signaling that may have a role as tumor suppressor in 
certain type of nonmelanoma skin cancer [132]. Skin 
cancer could be also due to excessive inhibition of PS-1 
function since it has been shown that PS1 depletion 
leads to skin tumorigenesis through a catenin-mediated 
mechanism [137].

Another possible reason for the faster clinical decline 
of semagacestat-treated AD patients could be linked 
to the ability of the drug to accumulate the neuro-
toxic C-terminal fragment of APP (CTFb or C99) 
in response to the block of g-secretase activity [101]. 
Indeed, an in vivo study indicated that semagacestat 
is neurotoxic in mice [103]. This study employed in vivo 
two-photon imaging and showed that dendritic spines 
get irreversibly lost in the cerebral cortex of wild-type 
mice after only 4 days of treatment with semagaces-
tat (30  mg/kg subcutaneously). The same experi-
ments carried out in APP-deficient mice suggested that 
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APP-cleavage products (probably an accumulation 
of C-terminal fragments), are critically involved [99]. 
Recent studies have shown that a number of proteins 
regulate g-secretase activity, including GSAP [138], the 
member of the p24 cargo protein family TMP21 [139], 
and the orphan GPR3 [140], and p53 [141]. These pro-
teins represent potential therapeutic target for the treat-
ment of AD because their inhibition appear to affect Ab 
production without affecting the cleavage of Notch. 
However, even Notch-sparing g-secretase inhibitors 
(PF-3084014, BMS-708163, begacestat) could have 
neurotoxic effects due to their inhibitory activity on 
AICD release from either C-terminal fragments of APP 
(C83 in the non-amyloidogenic pathway and C99 in 
the amyloidogenic pathway). Indeed, recent studies 
suggest that AICD generated by C99 (via g-secretase 
cleavage) regulates nuclear transcription whereas AICD 
generated by C83 (via a-secretase cleavage) is degraded 
before reaching the nucleus [142]. Thus, pharmacologi-
cal inhibition of C99-derived AICD generation may 
have important patophysiological consequences in gene 
expression, apoptosis, and cytoskeletal dynamics [143]. 
In fact, b-secretase inhibitors, acting on the first step 
in the process of cleavage of membrane-bound APP 
due to BACE-1 that forms sAPPb and C99 peptide, 
appear to be promising drugs to prevent and treat AD 
also through the inhibition of C99-derived AICD 
generation [20].

Furthermore, the detrimental effects of semagacestat 
in AD patients could be linked to the higher inhibi-
tory potency displayed by the drug on Ab

1–40
 produc-

tion compared Ab
1–42

 [99], a characteristic shared with 
other g-secretase inhibitors. On the contrary, b-secretase 
inhibitors have demonstrated to reduce both Ab

1–40
 and 

Ab
1–42

 in the brain of transgenic AD mice Tg2576 [144]. 
Recent studies in double transgenic mice have shown 
that Ab

1–40
 inhibits amyloid deposition while Ab

1–42
 

increases it [145]. In addition, increasing Ab
1–40

 levels pro-
tected transgenic mice from the premature death. The 
protective properties of Ab

1–40
 with respect to amyloid 

deposition suggest that drugs preferentially targeting 
Ab

1–40
 may actually worsen the disease course. Studies 

in guinea-pigs [99] and in normal men [108] have indi-
cated that semagacestat may cause rebound effects on 
Ab

1–42
 levels in the CNS. Whatever is the mechanism 

of the detrimental effects of semagacestat on cogni-
tion in AD patients, it has to be pointed out that no 
studies have been published showing positive cognitive 
or behavioral effects of the drug in animal models of 
AD, neither after acute or chronic administration [102]. 
This is a problem shared by other g-secretase inhibitors 
in clinical development: there are no studies showing 
that the chronic administration of these drugs produce 
positive effects on memory in animal models of AD.

Finally, we may also need to revise or to reconsider 
the amyloid cascade hypothesis of AD. Two key obser-
vations resulted in the original formulation of this 
hypothesis [6]. First, the discovery of Ab as the most 
important molecular constituent of the SPs [146] drew 
attention to the importance of these amyloid peptides 
in AD. Second, mutations of the APP gene and, subse-
quently, of the PS genes (PS-1 and PS-2) were directly 
linked to cases of FAD [5]. Hence, the presence of Ab 
within SPs was regarded as the residue of the effect 
of these pathogenic gene mutations and which, via 
the accumulation of toxic and insoluble Ab peptides, 
led to cell death and dementia. Since the pathologi-
cal phenotype of FAD is similar, apart from age of 
onset, to that of the more common sporadic late-onset 
AD [147], it was assumed that a similar mechanism, 
via genetic risk factors and/or environmental factors, 
could explain the pathogenesis of all cases of AD [148]. 
Moreover, a genetic support for a role of Ab in AD 
involves also the apolipoprotein E (APOE) gene. The 
APOE e4 allele represents an important genetic risk 
factor for familial and sporadic late-onset AD, as well 
as for autosomal-dominant forms of FAD [5]. In fact, 
among the ApoE isoforms, the apoE4 isoform is more 
effective than ApoE3 in promoting Ab deposition and 
its conversion to a fibrillar form, which could trig-
ger Ab nucleation and plaque formation [149]. ApoE 
may also be involved inAb clearance, as the binding 
of ApoE to Ab actually reduces Ab toxicity in cell 
cultures. These findings confirmed the pathologi-
cal cross-talk between ApoE and Ab in the amyloid 
cascade hypothesis [149]. Indeed, the recent nega-
tive clinical results on semagacestat pose doubts on 
the hypothesis that Ab is the key pathologic factor 
affecting AD process. The semagacestat failure also 
echoes a previous observation that immunization with 
pre-aggregated Ab

1–42
 (AN1792) resulted in almost 

complete clearance of SPs from the brain of patients 
with AD but did not alter disease progression [150]. It 
has been argued that the accumulation of Ab in the 
brain of AD patients is simply a downstream mani-
festation of the disease rather than its cause [151]. SPs 
may represent a defensive mechanism in response to a 
neuronal damage process [152]. On the other hand, the 
updated version of the amyloid cascade hypothesis says 
that SPs may not be the main contributor to neuronal 
death, as there are consistent evidences that soluble 
oligomeric forms of Ab are strongly neurotoxic  [8]. 
Indeed, recent evidence has implicated oligomeric 
Ab and Ab-derived diffusible ligands (ADDLs) in 
cognitive decline [153,154]. Electrophysiological studies 
have shown that addition of oligomeric Ab/ADDLs 
to hippocampal slices results in an inhibition of LTP, 
a cellular model of learning and memory [155]. These 
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results were corroborated in vivo via demonstration of 
deficits in learning and memory performance follow-
ing injection of oligomeric Ab/ADDLs directly into 
the hippocampi of living rats [155,156]. 

The reason for the presence of Ab in the nor-
mal brain and its physiological role is not fully 
understood but it may regulate neuroplasticity [157]. 
Electrophysiological studies in rodent hippocampal 
preparations have shown that endogenously released 
A peptides positively regulate the release ability of 
synapses without altering postsynaptic function or 
intrinsic neuronal excitability [158]. Other in vivo stud-
ies have shown that intra-hippocampal injections of 
picomolar concentrations of Ab

1–42
 monomers and 

oligomers to normal mice cause a marked increase 
of hippocampal LTP and enhancement of reference 
and contextual memory [159]. More recently, it has 
been shown that low doses of Ab enhance memory 
retention and acetylcholine production in the hippo-
campus of normal mice [160]. Blocking endogenous 
Ab with antibodies or decreasing Ab expression with 
antisense directed at APP, all resulted in impaired 
learning in a spatial memory test [160]. Interestingly, 
Ab

1–42
 facilitated induction and maintenance of LTP 

in hippocampal slices, whereas antibodies to Ab inhib-
ited hippocampal LTP [160]. All these studies indicate 
that in normal healthy young animals the presence 
of Ab is important for normal synaptic function and 
for normal learning and memory. Thus, it may be 
plausible that indiscriminate and complete inhibition 
(with g-secretase inhibitors) or removal (with anti-Ab 
antibodies) of endogenous Ab could be detrimental 
in AD patients rather than beneficial. Interestingly, a 
significant proportion (20–30%) of cognitively intact 
individuals shows a significant amount of pre- or 
postmortem amyloid [161,162]. 

Collectively, these observations may question the 
hypothesis that Ab is the key pathologic factor affect-
ing AD process. It has been recently proposed that a 
decline in brain metabolic activity or synaptic activity 
is the underlying cause of the disease [163]. Decreased 
metabolic activity, which can be consequent to 
decreased synaptic activity, increases b-secretase 
expression or activity which, in turn, increases Ab 
deposition as a secondary response [163]. If this is true 
we should expect other failures with other g-secretase 
inhibitors even if APP-selective, especially those for 
which no proofs of neuronal rescue and attenuation 
of memory deficit have been documented in preclini-
cal models of AD. Recent studies have also pointed 
out that other pathways, including tau protein [164] 
and oxidative stress [165] may play a pivotal role in 
the disease process. The recent introduction of new 
diagnostic criteria of AD based on specific cognitive 

patterns and reliable biomarkers [166] may open a new 
paradigm of therapeutic intervention based on the 
distinction of two preclinical states of AD in which 
individuals are free of cognitive symptoms [167]. One 
group is formed of ‘asymptomatic subjects at risk for 
AD’ with biomarker evidence of AD pathology. The 
other group is formed of ‘presymptomatic AD subjects’ 
carrying genetic determinants which eventually will 
develop the disease [167]. New drugs should be tested 
in these two populations of ‘asymptomatic’ or ‘pres-
ymptomatic’ subjects rather than in AD patients. Very 
recently, also the National Institute on Aging and the 
Alzheimer’s Association charged a workgroup with the 
task of revising the 1984 criteria for AD dementia [168], 
developing criteria the for the symptomatic predemen-
tia phase of AD (mild cognitive impairment [MCI] 
due to AD) [169], and defining the preclinical stages of 
AD for research purposes and toward earlier interven-
tion at a stage of AD when some disease-modifying 
therapies may be most efficacious [170]. In particular, 
for MCI due to AD, the workgroup developed core 
clinical criteria that could be used by healthcare pro-
viders without access to advanced imaging techniques 
or CSF analysis, and research criteria that could be 
used in clinical research settings, including clinical 
trials, incorporate the use of biomarkers based on 
imaging and CSF measures [169]. Therefore, the stage 
of the mild-to-moderate AD patients, in which most 
clinical progression trials have been run, is relatively 
late in disease course, where irreversible damage to 
the brain may have already occurred. Newly-designed 
clinical trials that access patients earlier in disease 
are in process [171], and new diagnostic criteria rec-
ognizing preclinical or prodromal/predementia AD 
will enhance the ability to more fairly test the amy-
loid cascade hypothesis of AD in patients that may 
still have the capacity to respond to treatment. This 
approach may increase chances of success in delaying 
this devastating disease or slowing down the rate of 
deterioration of AD patients.
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Executive summary

Background
■■ The two principal neuropathological hallmarks of Alzheimer’s disease (AD) are senile plaques and neurofibrillary tangles, the 
former being mainly composed of amyloid-b peptide (Ab).

■■ Ab is generated from its precursor, amyloid precursor protein, by the sequential action of b- and g-secretases.

Drugs targeting amyloid b for treating Alzheimer’s disease
■■ Drugs that can prevent production, aggregation, and deposition of Ab are  thought to be promising therapeutics for AD.
■■ Passive immunotherapy approaches are under investigation in clinical trials, while brain penetrant inhibitors of Ab aggregation 
have also been identified.

■■ Increasing attention has been focused on inhibition or modulation of activities of a-, b-, and g-secretases as disease-modifying 
therapies for AD.

g-secretase complex as a potential therapeutic target in Alzheimer’s disease
■■ Inhibition and modulation of g-secretase to reduce the amount of Ab in the brain, the pivotal enzyme that generates Ab, are 
plausible therapeutic options against AD.

■■ g-Secretase complex is composed of four components that are required for the enzymatic activity: presenilin , anterior pharynx-
defective-1, presenilin enhancer-2 and nicastrin.

■■ Extensive cellular, molecular, and biochemical analyses revealed that presenilin functions as a catalytic center of g-secretase.

Clinical development of g-secretase inhibitors for Alzheimer’s disease treatment 
■■ Several potent orally g-secretase inhibitors have been developed and are under clinical investigation, of these semagacestat is 
the most publicly documented.

■■ Unfortunately, g-secretase inhibitors may cause significant toxicity in man, mainly ascribed to the inhibition of Notch processing 
and to the accumulation of the neurotoxic precursor of Ab. 

■■ Two large Phase III clinical trials of semagacestat in mild-to-moderate AD patients were prematurely interrupted because of 
detrimental cognitive and functional effects of the drug.

■■ New Notch-sparing g-secretase inhibitors are being developed with the hope of overcoming the previous setbacks.
■■ A refined test of the ‘amyloid cascade hypothesis’ in AD progression trials should include patients earlier in disease course, 
employing recently amended diagnostic criteria for AD.
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