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Abstract The relationship between β-amyloid (Aβ) and
tau is not fully understood, though it is proposed that in the
pathogenesis of Alzheimer’s disease (AD) Aβ accumula-
tion precedes and promotes tau hyperphosphorylation via
activation of glycogen synthase kinase-3beta (GSK-3β).
Both events contribute to learning and memory impair-
ments. Modulation of γ-secretase activity has proved to
reduce the Aβ burden and cognitive deficits in mouse
models of AD, but its ability in reducing the tau pathology
remains elusive. Chronic treatments with two γ-secretase

modulators, ibuprofen and CHF5074, disclosed higher
activity of CHF5074 in ameliorating brain plaque deposi-
tion and spatial memory deficits in transgenic mice
expressing human amyloid precursor protein (hAPP) with
Swedish and London mutations (APPSL mice). The aim of
our study was to investigate in APPSL mice the effect of the
two compounds on the accumulation of native hyper-
phosphorylated tau as well as on the GSK-3β signaling.
CHF5074 was more effective than ibuprofen in reducing
tau pathology, though both compounds decreased the GSK-
3β level and increased the GSK-3β inhibitory phosphory-
lation near to the non-Tg values. The inhibition of GSK-3β
appeared to be secondary to the reduction of Aβ generation
as, differently from LiCl, CHF5074 reproduced its effect in
hAPP-overexpressing neuroglioma cells, but not in wild-
type primary neurons. Our data show that the novel γ-
secretase modulator CHF5074 can fully reverse β-amyloid-
associated tau pathology, thus representing a promising
therapeutic agent for AD.
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NFTs Neurofibrillary tangles
PHF-1 Paired helical filament-1
Ser Serine
Swe Swedish mutation
Tg Transgenic
Thr Threonine

Introduction

The accumulation of insoluble β-amyloid (Aβ) plaques and
the presence of neurofibrillary tangles (NFTs) are the
histopathological hallmarks of Alzheimer’s disease (AD)
(Selkoe 2001). While the amyloid plaques consist of fibrils
of Aβ peptide generated by the cleavage of amyloid
precursor protein (APP), the NFTs are composed primarily
of hyperphosphorylated forms of the microtubule-
associated protein tau. APP is initially cleaved by β-
secretase to generate a carboxy-terminal fragment (CTFβ)
that is subsequently cleaved by γ-secretase to form Aβ.
Modulation of γ-secretase appears a good strategy to
decrease Aβ accumulation in brain. This can be realized
by 1-(3′,4′-dichloro-2-fluoro[1,1′-biphenyl]-4-yl)-cyclopro-
panecarboxylic acid (CHF5074), a Notch-sparing γ-
secretase modulator devoid of anti-cyclooxygenase (COX)
activity (Imbimbo et al. 2007). Treatment with CHF5074
reduced the brain plaque burden and attenuated memory
deficit in different APP transgenic mouse models of AD
(Imbimbo et al. 2007, 2009, 2010). Reduction of brain
plaques was also described with another γ-secretase
modulator, ibuprofen (Lim et al. 2000; Yan et al. 2003;
Heneka et al. 2005). In a 6-month oral treatment study,
ibuprofen appeared to be less effective than CHF5074 in
lowering Aβ accumulation and cognitive deficits of hAPP
transgenic APPSL mice (Hutter-Paier et al. 2004; Schilling
et al. 2008), though either drugs equally reduced the
microglial reactivity (Imbimbo et al. 2009).

It is proposed that in the pathogenesis of AD, Aβ
accumulation precedes tau hyperphosphorylation and
both processes contribute to the cognitive decline
(Ballatore et al. 2007), but the efficacy of γ-secretase
modulators in modifying tau pathology is still poorly
investigated. Hyperphosphorylation and accumulation of
tau has been linked extensively to neurodegeneration (Lee
et al. 2001), and it has been shown that phosphorylation at
serine (Ser) and threonine (Thr) sites are critical for
neurotoxicity (Jackson et al. 2002; Nishimura et al. 2004;
Dias-Santagata et al. 2007; Fulga et al. 2007; Steinhilb et
al. 2007). Among the kinases catalyzing tau phosphoryla-
tion, glycogen synthase kinase-3β (GSK-3β) is mostly
involved (Gong et al. 2005; Liu et al. 2006). It has been
shown that GSK-3β induces the hyperphosphorylation of

tau in vitro and in cell-based models of neurodegenera-
tion, implicating GSK-3β as a crucial tau kinase in the
formation of NFTs in vivo. Consistent with this, GSK-3β
transgenic mice display tau hyperphosphorylation and
neurodegeneration (Lucas et al. 2001). Furthermore, in
the brains of AD patients and APP transgenic mice, the
altered localization of GSK-3β is associated with the
NFTs formation (Baum et al. 1996; Pei et al. 1997, 1999;
Lucas et al. 2001; Ishizawa et al. 2003). In early stages,
GSK-3β accumulates with tau in the cytoplasm of pre-tangle
neurons (Pei et al. 1997) and in neuritic plaques (Shiurba et
al. 1996), whereas in mature NFTs the colocalization with
GSK-3β is reduced (Baum et al. 1996; Harr et al. 1996;
Shiurba et al. 1996).

In this context, the main objective of our study was to
investigate whether the γ-secretase modulators CHF5074
and ibuprofen might act as potentially disease-modifying
drugs by limiting the pathological changes of native tau and
GSK-3β in APPSL mice.

Materials and Methods

Animals and Treatments

Transgenic Mice All animal care and handling were
performed according to the European guidelines. hAPP
transgenic (Tg) mice expressing human APP751 with the
Swedish (K670N/M671L) and London (V717I) mutations
(APPSL mice) were treated as previously described
(Imbimbo et al. 2009). Briefly, Tg mice were treated with
CHF5074 (375 ppm in the diet) or ibuprofen (375 ppm in
the diet) or standard diet from 6 to 12 months of age. Non-
transgenic (non-Tg) control mice received standard diet.

Primary Cultures of Mouse Cortical Neurons C57BL/6
mice were purchased from Charles River, Italy. Fifteen-day
embryonic mice were harvested with caesarean section
from anesthetized pregnant dams and cortical neurons were
isolated as previously described (Sarnico et al. 2009).
Briefly, cells were plated at a density of 1.0×105 cells/cm2

in 21-cm2 culture dishes (Nunc; VWR, West Chester, PA,
USA) in Neurobasal medium (Invitrogen Corporation,
Carlsbad, CA, USA) supplemented with 2% B27 (Invitro-
gen), 0.5 mM L-glutamine (Euroclone, UK), and 50 U/ml
penicillin/streptomycin (Euroclone). Three days after plat-
ing, 50% of the medium was changed with fresh medium
and, subsequently, 50% of the medium was changed twice a
week. At 11 days in vitro, neurons were incubated in
Neurobasal medium, containing 0.4% B27 supplement with
3 μM CHF5074, 500 μM ibuprofen, and 5 mM lithium
chloride (LiCl), all dissolved in dimethyl sulfoxide (0.1%
final concentration), or vehicle (control) for 30 min, 5 or
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18 h. At the end of incubation, total proteins were extracted
for western blot analyses.

H4swe Cells H4swe human neuroglioma cells, expressing
hAPP with the Swedish mutation, were seeded at a density
of 1.25×105 cells/cm2 in 8-cm2 culture dishes (Nunc) in
Opti-MEM culture medium (Invitrogen) containing 10%
fetal bovine serum and allowed to grow to confluence for
24 h in 5% CO2, 95% air in a humidified atmosphere. Cells
were incubated in Opti-MEM without serum for 18 h with
CHF5074 3 μM, LiCl 5 mM or vehicle (control). At the
end of treatments, total proteins were extracted for western
blot analysis.

Western Blot Analyses

Hemispheres of Tg mice were homogenized in TBS buffer
containing a protease inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO, USA). Mouse cortical neurons and H4swe cells
were harvested in 100 μl of lysis buffer (pH 6.9) containing
1 mM methyl sulfonyl fluoride, 1 μg/ml leupeptin, 5 μg/ml
aprotinin, 1 μg/ml pepstatin, 1 mM sodium orthovanadate,
and 10 mM sodium fluoride. The suspension was sonicated
for 30 s at full power and centrifuged at 11,000×g for
20 min at 4°C. Brain lysates (50 μg proteins/sample) and
cell extracts (40 μg proteins/sample) were suspended in the
sample loading buffer (62.5 mM Tris–HCl, 1% SDS, 5% 2-
mercaptoethanol, 10% glycerol, and 0.02% bromophenol
blue, pH 7.5), resolved by 4–12% SDS/polyacrylamide gel,
and proteins were transferred electrophoretically onto
nitrocellulose membrane. Membranes were incubated over-
night at 4°C with anti-GAPDH mouse antibody (1:3,000,
MAB374; Chemicon-Millipore, Billerica, MA, USA) to-
gether with one of the following primary antibodies: PHF-1
mouse antibody (1:100; gifted by P. Davies), which
recognizes phosphorylated tau at the Ser396/404 residues;
CP13 mouse antibody (1:50, gifted by P. Davies), which
recognizes phosphorylated tau at the Ser202 residue; Tau46
mouse antibody (1:3,000; Cell Signaling, Danvers, MA,
USA), which recognizes total tau; anti-βIII-tubulin rabbit
antibody (1:2,000; Sigma-Aldrich) anti-phospho-GSK-
3β(Ser9) rabbit antibody (1:1,000; Cell Signaling), which
identify the inactivated kinase; anti-GSK-3β rabbit anti-
body (1:1,000; Cell Signaling). The immunoreaction was
revealed by 1-h incubation at 37°C with secondary anti-
bodies coupled to horseradish peroxidase (1:1,500; Santa
Cruz Biotechnology, CA, USA) and chemoluminescence
detection using ECL Western blotting reagents (GE Health-
care, UK). Quantification of immunoblots was performed
by densitometric scanning of exposed films using GelPro
Analyzer software (Media Cybernetics, Bethesda, MO,
USA). To compare data from the numerous animals in

each group, brain extracts (2–3 per group) were loaded in
any single gel so that all the samples were distributed in
five separate membranes. Each protein band was normal-
ized to the relative GAPDH signal detected simultaneously
by the blot development.

Immunohistochemical Detection of Phospho-tau

Right brain hemispheres were sagittally cut (10-μm
sections) using a cryotome (CM3050S; Leica Microsys-
tems, Wetzlar, Germany). To unmask the antigen sites, the
slides were boiled for 20 s in citrate buffer, pH 6
(containing 8.0 mM sodium citrate and 2.0 mM citric acid)
if Tau46 antibody was used, or incubated in 70% formic
acid for 10 min at room temperature in case of PHF-1
antibody. To inhibit the endogenous peroxidase, the slides
were incubated in a buffer containing 0.1% igepal, 20%
methanol, and 3% hydrogen peroxide for 15 min at room
temperature. Tau labeling was performed by immunohisto-
chemistry using the following primary antibodies: PHF-1
mouse antibody (1:50; gifted by P. Davies) and Tau46
mouse antibody (1:500, #4019; Cell Signaling) incubated
for 24 h at 4°C. Then, slides were treated with biotinylated
anti-mouse immunoglobulins (1:200; Dako, Milan, Italy)
for 1 h at room temperature, incubated with ABC complex/
HRP (Dako) for 45 min and with 0.5% cobalt chloride in
Tris–HCl 50 mM, pH 7.4, for 10 min. Peroxidase labeling
was detected by incubation with PBS containing 0.025%
3,3″-diaminobenzidine (DAB) (Sigma-Aldrich) and hydro-
gen peroxide. For all procedures except the final DAB
reaction, PBS was used as washing buffer.

Aβ42 Measurement in Cell Culture Medium

Aβ42 measurement was performed following the manufac-
turer’s suggested protocols. In brief, Aβ42 levels (pico-
grams per liter) were quantified using a sandwich enzyme-
linked immunosorbent assay (Invitrogen). Aβ42 levels were
normalized to the protein concentrations from the cell
lysates.

Statistical Analysis

Data were analyzed with two-way analysis of variance with
“genotype” (non-transgenic and Tg2576) and “treatment”
(standard diet, diet with ibuprofen, diet with CHF5074) as
fixed factors and mouse as random factor. Post hoc
comparisons were directed versus the non-transgenic or
the Tg2576 control group. Two-tailed p values were
calculated. Calculations were done with the statistical
software SigmaStat™ (version 3.5; SPSS, Chicago, IL,
USA). Results were generally presented as mean ± standard
error of the mean (SEM).
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Results

Effect of CHF5074 and Ibuprofen Treatment on Brain
Content of Tau and Phospho-tau

The effects produced in vivo by CHF5074 and ibuprofen
on tau phosphorylation were evaluated in brain extracts of a
large number of Tg mice treated for 6 months with the
drugs in the diet or with standard diet (control group). To
detect hyperphosphorylated tau, two antibodies were used,
PHF-1 and CP13, that respectively recognize the tau forms
phosphorylated at the Ser396/404 and Ser202 residues
(Weaver et al. 2000). Western blot analyses showed a
significant increase in hyperphosphorylated tau detected by
PHF-1 antibody in Tg mice when compared to wild-type
animals (non-Tg group). The levels of hyperphosphorylated
tau fell down to the wild-type value in the CHF5074- as
well as in the ibuprofen-treated groups. The CP13 immu-
noreactivity showed a trend to increase in Tg mice; it
sloped down in mice treated with CHF5074 and it
significantly decreased in mice treated with ibuprofen
(Fig. 1a). Concomitantly, a significant increase in total tau
was detected in Tg mice when compared to the wild-type
group, in line with previous evidence showing accumula-
tion of phosphorylated tau in APP Tg mice (Samura et al.
2006; Iqbal et al. 2009). CHF5074 and, with lower efficacy,
ibuprofen treatment significantly reduced the level of total
tau protein too, suggesting that both drugs were reducing
accumulation of phosphorylated tau rather than tau phos-
phorylation. Results from densitometry analysis of tau
levels have been expressed as ratio of PHF-1, CP13, or
Tau46 to relative GAPDH levels (Fig. 1b–d). No change
was observed in the content of βIII tubulin, ruling out a
possible general effect of the two drugs on microtubule
proteins.

The accumulation of hyperphosphorylated tau to form
NFT-like cell inclusions was also visualized by immu-
nohistochemical analysis in brain sections from control
APPSL Tg mice and Tg mice treated with CHF5074 or
ibuprofen. Figure 2 shows representative images from
retrosplenial granular cortex. The PHF-1 and Tau46
immunoreactivity was evident in Tg mice cortices but
decreased in sections of mice treated with CHF5074 or
ibuprofen (Fig. 2), confirming the results obtained by
western blot analysis.

CHF5074 and Ibuprofen Decrease Cerebral GSK-3β Level
and Increase GSK-3β Inhibitory Phosphorylation

GSK-3β kinase can phosphorylate tau at specific sites
including the Ser202,396,404 recognized by PHF-1
(Ser396,404) and CP13 (Ser202) antibodies. To investigate
whether the effects of CHF5074 and ibuprofen on tau
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Fig. 1 Effects of CHF5074 and ibuprofen treatments on tau and phospho-
tau. a Picture from a representative western blot analysis performed using
PHF-1, CP13, Tau46, βIII tubulin and anti-GAPDH antibodies in brain
extracts from non-Tg mice and Tg mice treated with standard diet or diet
with CHF5074 and ibuprofen for 6 months. The content of phospho-tau
(pSer396/404) detected by PHF-1 antibody increased in control Tg mice
compared to non-Tg group. Either CHF5074 or ibuprofen treatments
reduced the level of PHF-1-positive tau in Tg mice. Phospho-tau (pSer202)
detected by CP13 antibody showed a trend to increase in Tg mice. It
dropped slightly in Tg mice treated with CHF5074, while it significantly
decreased in mice treated with ibuprofen. CHF5074, but not ibuprofen
treatment, significantly reduced the level of total tau. No change of βIII
tubulin immunoreactivity was observed in the diverse groups. b, c, d Data
from densitometry analyses of PHF-1, CP13, and Tau46 immunoblots,
expressed as relative levels to non-Tg value, are the ratio of PHF-1, CP13,
and Tau46 to GAPDH. For each antigen determination, blots were
obtained by simultaneous exposure of membranes to primary antibody
and anti-GAPDH antibody. Bars are means ± SEM of 10–14 animals for
each group; *p<0.05, **p<0.01 vs. Tg control value. PHF-1, CP13, and
Tau46 values relative to CHF5074 and ibuprofen treatments were not
statistically different from the non-Tg groups
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phosphorylation were associated with different expression
and activation of this kinase, western blot analyses were
carried out using antibodies against either the inactive
(pSer9) GSK-3β form or total GSK-3β. Only a slight
increase of cerebral amounts of total GSK-3β was found
in Tg mice compared to the non-Tg, while a significant
(∼50%) reduction of the kinase level was measured in
brain extracts of mice treated with ibuprofen and
CHF5074 (Fig. 3a, b). The ratio of p-GSK-3β and total
GSK-3β was significantly lower in Tg mice when
compared to wild-type mice, suggesting that GSK-3β is
in a prevalent active form in hAPPSL mice. The treatment
with CHF5074 and ibuprofen increased the ratio near to
the non-Tg values, though the increased levels did not
reach statistical significance when compared to the Tg
group (Fig. 3c).

To verify whether the γ-secretase modulators might
increase the inhibitory phosphorylation of GSK-3β inde-
pendently of changes in Aβ42 production, we exposed
primary cortical neurons from wild-type mice to 3 μM
CHF5074 and 500 μM ibuprofen for diverse times,
starting from 30 min to 18 h. Cortical cultures, which
release hardly detectable amounts of Aβ42 (Fig. 4c), were

treated with the GSK-3β inhibitor LiCl at 5 mM concen-
tration as a positive control. The concentrations of
CHF5074 and ibuprofen were chosen on the basis of their
activity in lowering Aβ42 generation in hAPP cells
(Weggen et al. 2001; Imbimbo et al. 2007) and the cerebral
level of CHF5074 (3±0.6 μM) detected in mice chronically
treated with the compound (Imbimbo et al. 2009). Contrary
to LiCl, CHF5074 as well as ibuprofen did not increase the
p-GSK-3β/GSK-3β ratio at any time tested (Fig. 4a, b).
Ibuprofen even decreased the p-GSK-3β/GSK-3β ratio at
18 h in cortical cultures.

When tested in H4-APPswe cells expressing hAPP with
the Swedish mutation and releasing high amounts of Aβ42

(Fig. 4f), either CHF5074 or LiCl increased the inhibitory
phosphorylation of GSK-3β as indicated by the elevated p-
GSK-3β/GSK-3β ratio (Fig. 4d, e). Cell treatment with
CHF5074 also reduced the level of total GSK-3β. The
CHF5074 effect on GSK-3β correlated with the inhibition
of Aβ42 release in the culture medium after 18-h incubation
(Fig. 4f). Taken together, these results suggest that the
inhibitory phosphorylation of GSK-3β induced by the γ-
secretase modulation may be an event secondary to the
reduction of endogenous Aβ generation.
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Discussion

This study provides the first evidence that chronic treatment
with γ-secretase modulators reduces the hyperphospho-
rylation and pathological accumulation of native tau as well
as the level of activated GSK-3β in the brain of APP Tg
mice. We previously reported that chronic treatment of
APPSL mice with CHF5074 reduces the Aβ burden without
modifying the generation of APP carboxy-terminal frag-
ments, reduces the number of plaque-associated microglia,
and attenuates spatial memory deficit (Imbimbo et al.
2009). Similar effects on Aβ plaque accumulation and
microglial immunoreactivity were observed with ibuprofen
(Lim et al. 2000; Yan et al. 2003; Heneka et al. 2005;
Morihara et al. 2005), though in APPSL mice ibuprofen
showed to be less effective than CHF5074 (Imbimbo et al.
2009). Together with Aβ deposition, accumulation of
intracellular hyperphosphorylated tau represents the neuro-
pathological hallmark of AD (Selkoe 2001). A large body
of evidence indicates that Aβ peptides, the primary

constituents of neuritic plaques, may initiate the process
of neurodegeneration in AD brains (Clippingdale et al.
2001; Casas et al. 2004; Oakley et al. 2006; Smith et al.
2006). Aβ deposits promote hyperphosphorylation, accu-
mulation, and aggregation of tau in a conformationally
altered and argyrophilic form (Samura et al. 2006) in
HEK293 cells overexpressing APP (Rank et al. 2002), in
transgenic mice expressing double mutated hAPP form
(Bellucci et al. 2007), in double transgenic mice expressing
mutant hAPP(swe) and presenilin-1 (Samura et al. 2006),
and in triple transgenic mice expressing the hAPP(swe),
presenilin-1 and tau (Oddo et al. 2003a, b). Song and
colleagues (2008) observed that phosphorylation of tau
increases in cortical neurons as early as 3 h of Aβ42

treatment, evoking an AD-like accumulation of phosphor-
ylated tau. The abnormal phosphorylation of tau promotes
its misfolding, decreases the degradation, and induces the
self-assembly into tangles of paired helical filaments
which alter the microtubule stability and normal neuronal
functions (Iqbal et al. 2009). In addition, cytosolic
abnormally hyperphosphorylated tau sequesters normal
tau and two other neuronal microtubule-associated pro-
teins (MAPs), MAP1A/MAP1B and MAP2, further
contributing to microtubule disassembly and neuronal
damage (Alonso et al. 2008; Iqbal et al. 2008). Neurofi-
brillary degeneration appears to be required for the clinical
expression of dementia as β-amyloidosis in the absence of
neurofibrillary degeneration is not associated with the
development of cognitive symptoms (Alafuzoff et al.
1987; Arriagada et al. 1992; Dickson et al. 1992). In line
with this evidence, tau reduction without changing Aβ
plaque deposition prevents learning and memory deficits
and protects mice against excitotoxicity (Roberson et al.
2007). On the other hand, in mice expressing a human tau
variant under the control of an inducible promoter (tet-
off), after the suppression of tau expression, memory
function recovers and neuron number stabilizes although
NFTs continue to form, suggesting that accumulation of
hyperphosphorylated tau, and not its aggregation, is
required for cognitive decline and behavioral impairment
(Santacruz et al. 2005). Thus, although it is supposed to
occur as a consequence of Aβ pathology (Wilcock et al.
2010), the tau hyperphosphorylation may be considered
per se a useful therapeutic target for slowing AD
progression (Churcher 2006; Roberson et al. 2007).

In this study, we investigated the effects produced by
chronic administration of the γ-secretase modulators,
CHF5074 and ibuprofen (Imbimbo et al. 2009), on native
tau. By checking tau phosphorylation, we found that
ibuprofen treatment produced a significant reduction of
phosphorylated tau recognized by both the PHF-1 and
CP13 antibodies, which respectively identify the late
(pSer396/404) and the early (pSer202) forms of phosphory-
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lated tau (Klein et al. 2004; Liu et al. 2006). This is in line
with previous evidence showing that ibuprofen reduces
hyperphosphorylated tau in 3xTg-AD mice expressing
hAPP(swe), presenilin-1(M146V), and tau(P301L)
(Mckee et al. 2008). The effect of CHF5074 was more
evident on PHF-1- than on CP13-positive phospho-tau. In
particular, CHF5074 and to a lesser extent ibuprofen
limited the accumulation of tau protein, as suggested by
the parallel decrease in total tau level. This evidence
suggests that the γ-secretase modulators can reduce the
accumulation of phosphorylated tau and not simply tau
phosphorylation.

It is recognized that GSK-3β acts as a major kinase
responsible for tau hyperphosphorylation and subsequent
resistance to degradation (Iqbal et al. 2009) in AD

pathology (Gong et al. 2005). GSK-3β is constitutively
active and is a substrate for other kinases capable of
phospho-regulating its activity through both inhibition and
activation (Grimes and Jope 2001). In the case of
deactivation, signaling through phosphoinositide 3-kinase
(PI3K) and subsequent activation of the Ser-Thr kinase Akt
inhibits GSK-3β activity via Ser9 phosphorylation. A body
of evidence suggests that Aβ promotes tau phosphorylation
through activation of GSK-3 (Takashima et al. 1996, 1998;
Tomidokoro et al. 2001; Hoshi et al. 2003; Song et al.
2008). The GSK-3β activation mediated by its Ser9dephos-
phorylation (Wang et al. 2006; Song et al. 2008) has been
demonstrated after exogenous application of Aβ peptide as
well as during intracellular accumulation of endogenous
Aβ in cell-based models of AD. In line with previous
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Fig. 4 Western blot analysis of GSK-3β phosphorylation in neuronal
cultures exposed to 3 μM CHF5074, 500 μM ibuprofen, or 5 mM
LiCl. a Immunoblot, representative of three different experiments,
shows the p-GSK-3β and GSK-3β levels in extracts of cortical
neurons exposed to the various treatments for 30 min, 5 h, and 18 h. b
Densitometry analysis of immunoblots, expressed as relative levels to
control value, reveals no change of GSK-3β or p-GSK-3β/GSK-3β
ratio in neurons exposed to CHF5074 or ibuprofen. Neurons treated
with LiCl for 5 or 18 h displayed a significant increase in p-GSK-3β/
GSK-3β ratio (*p<0.05 vs. corresponding control value). c Aβ42
released in the medium of cortical neurons exposed for 18 h to 3 μM

CHF5074, 500 μM ibuprofen, or 5 mM LiCl; *p<0.01 vs.
corresponding control value. d Representative immunoblot of GSK-
3β and p-GSK-3β in H4-APPswe cells exposed to CHF5074 and LiCl
for 18 h. Similar results were obtained in two additional experiments.
e Data from densitometry analysis, expressed as relative levels to
control value, show the means of GSK-3β and p-GSK-3β/GSK-3β
ratios of three separate experiments. Bars are the means ± SEM (*p<
0.05 vs. control value). f Aβ42 released in the medium of H4-APPswe
cells exposed for 18 h to CHF5074 3 μM or LiCl 5 mM; *p<0.01 vs.
corresponding control value
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evidence (Rockenstein et al. 2007; Bitner et al. 2009), we
found that the level of total GSK-3β was not modified in
APPSL mice when compared to wild-type littermates, while
its phosphorylated form significantly reduced, suggesting a
sustained activation of the kinase in AD mice. This effect
was more evident in our 12-month-old mice than in 3-
month-old APPSL mice previously investigated by Rock-
enstein et al. (2007). The chronic treatment with CHF5074
or ibuprofen inhibited the GSK-3β activity by increasing
the pGSK-3β/GSK-3β ratio near to the non-Tg group and
by reducing the total protein level. Likewise the γ-secretase
modulators, caffeine was recently found to decrease active
and total GSK-3β level, in addition to Aβ burden and
cognitive impairment in AD mice (Arendash et al. 2009). It
remains to be ascertained whether the diminished levels of
GSK-3β are associated with decreased protein synthesis or
increased degradation. We checked the possibility that the
γ-secretase modulators might indeed regulate the GSK-3β
level and activation independently of their anti-
amyloidogenic effect. However, this hypothesis was denied
by experiments on primary cortical neurons from wild-type
mice which showed that, contrary to the positive control
LiCl, neither brief (30 min) nor long-time (18 h) applica-
tions of CHF5074 and ibuprofen could decrease the level of
GSK-3β or enhance its phosphorylation. Ibuprofen even
reduced the p-GSK-3β/GSK-3β ratio at 18 h. It can be
inferred that ibuprofen neuroprotective activity reported in
pure cortical neurons (Iwata et al. 2010) is associated with
signaling pathway other than the GSK-3β inhibition as,
possibly, the activation of the peroxisome proliferator-
activated receptor-γ pathway (Dill et al. 2010). The
capability of CHF5074 to reduce GSK-3β and increase
the GSK-3β inhibitory phosphorylation was restored in
H4swe cells overexpressing hAPP. Thus, while possible
direct effects elicited in vivo by CHF5074 metabolites on
GSK-3β cannot be excluded by our study, it is conceivable
that reduction of kinase activity and tau phosphorylation is
the resultant of decreased generation of endogenous Aβ
overproduction.

The central role of Aβ in driving tau pathology has
recently been underlined by studies showing that in APP
mice expressing native or transgenic tau as well as in AD
patients, the pathological accumulation of hyperphosphory-
lated tau develops concomitantly with Aβ accumulation in
hippocampal synaptic terminals, linking these intraneuronal
pathological signs to the synaptic alteration and cognitive
dysfunction of AD (Guo et al. 2006; Takahashi et al. 2008).
Moreover, decreasing Aβ in APP Tg mice by immunother-
apy significantly lowers tau pathology and reverses
memory deficits (Wilcock et al. 2010). In this context, the
higher efficacy of CHF5074 compared to ibuprofen in
reducing the cognitive deficits in APPSL mice may be
associated with its higher efficacy in reducing Aβ gener-

ation (Imbimbo et al. 2009) and tau dysregulation, besides
its capability to conserve the COX-2-mediated memory
retrieval (Murray and O’Connor 2003; Sharifzadeh et al.
2006). Consistent with this evidence, our data support Aβ
as therapeutic target for the disease-modifying treatment
and propose the γ-secretase modulator, CHF5074, as a
suitable tool to afford this approach by avoiding heavy
collateral effects associated with the immunotherapy (von
Bernhardi 2010).
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