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A�, the product of APP (amyloid precursor protein), has been implicated in the pathophysiology of Alzheimer’s disease (AD). �-Site APP
cleaving enzyme1 (BACE1) is the enzyme initiating the processing of the APP to A� peptides. Small molecule BACE1 inhibitors are
expected to decrease A�-peptide generation and thereby reduce amyloid plaque formation in the brain, a neuropathological hallmark of
AD. BACE1 inhibition thus addresses a key mechanism in AD and its potential as a therapeutic target is currently being addressed in
clinical studies. Here, we report the discovery and the pharmacokinetic and pharmacodynamic properties of BACE1 inhibitor AZ-4217,
a high potency compound (IC50 160 pM in human SH-SY5Y cells) with an excellent in vivo efficacy. Central efficacy of BACE1 inhibition
was observed after a single dose in C57BL/6 mice, guinea pigs, and in an APP transgenic mouse model of cerebral amyloidosis (Tg2576).
Furthermore, we demonstrate that in a 1 month treatment paradigm BACE1 inhibition of A� production does lower amyloid deposition
in 12-month-old Tg2576 mice. These results strongly support BACE1 inhibition as concretely impacting amyloid deposition and there-
fore potentially an important approach for therapeutic intervention in AD.

Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order manifested by cognitive deficits and impairment of activi-
ties of daily living. Abnormal amyloid accumulation as a result of
changes in production, processing, and/or clearance of brain A�
appear to be a critical event in the development of neuronal dys-
function, degeneration, and amyloid pathology in AD. Although
our understanding of the molecular basis of the disease is increas-
ing, there are no disease-modifying treatments (Ballard et al.,
2011).

�-Site amyloid precursor protein (APP) cleaving enzyme1
(BACE1) and �-secretase are involved in processing of the APP to
A� peptides and have thus emerged as key targets for the treat-
ment of AD (Vassar et al., 2009). Increased accumulation of A�
results in the formation of A� oligomers, cerebral amyloid

plaques, neurodegeneration, and brain atrophy (Hardy and Sel-
koe, 2002). Genetic mutations in APP have been associated with
altered BACE1 activity with negative and positive implications
for AD. APP with the Swedish mutation (K670N/M671L,
APPSWE) has a higher affinity for BACE1, increasing A� produc-
tion and AD onset (Citron et al.; 1992). Recently, another variant
of the APP gene (A673T) was reported. This substitution is lo-
cated proximal to the BACE1 cleavage site and reduces BACE1
cleavage relative to wild-type APP (Jonsson et al., 2012). BACE1
knock-out mice confirmed the pivotal role of BACE1 in A� pro-
duction by showing that production of A� in brain was reduced
(Roberds et al., 2001). The role of BACE1 in A� plaque deposi-
tion is further supported by a study in which transgenic mice
overexpressing human mutated APP crossed onto homozygous
or heterozygous BACE1 knock-out mice display reduced A� gen-
eration and plaque pathology (McConlogue et al., 2007).

BACE1 inhibitors are expected to reduce generation of A�
and consequently decrease A� toxicity and the formation of am-
yloid plaques. Reduction of brain A� levels after administration
of BACE1 inhibitors have been demonstrated in several animal
models including primates (Stachel et al., 2006; Sankaranaray-
anan et al., 2009; May et al., 2011; Huang et al., 2012; Jeppsson et
al., 2012).

Reports on BACE1 knock-out mice suggest that BACE1 is
important during development and complete inhibition of
BACE1 may result in side effects (Willem et al., 2006; Cai et al.,
2012). These observations raise concerns whether complete inhi-
bition of BACE1 in a chronic setting is safe and may have impli-
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and technical assistant. Kerstin Nilsson is acknowledged for statistical support and Anna Bogstedt for A� measure-
ments. Special thanks also to Eva Spennare for determining the fraction unbound in brain by the brain slice method
and Jenny Johansson for measuring the plasma protein binding. Per-Olof Markgren and Karin Kaspersson are
acknowledged for additional affinity measurements and for critical reading of this manuscript.

Correspondence should be addressed to Susanna Eketjäll, AstraZeneca Translational Sciences Centre, Science for
Life Laboratory, S-171 65 Solna, Sweden. E-mail: Susanna.Eketjall@astrazeneca.com.

DOI:10.1523/JNEUROSCI.1165-13.2013
Copyright © 2013 the authors 0270-6474/13/3310075-10$15.00/0

The Journal of Neuroscience, June 12, 2013 • 33(24):10075–10084 • 10075



cations for the development of BACE1 inhibitors for therapeutic
use. Several BACE1 inhibitors are currently in clinical develop-
ment and have reported CSF A� lowering in Phase I clinical
studies (May et al., 2011; Forman et al., 2012; Lai et al., 2012).
This is a promising first step to testing the potential of BACE1
inhibition as modifying the course of AD.

We report the discovery and pharmacological profile of a po-
tent and selective, orally active, brain-permeable BACE1 inhibi-
tor AZ-4217 with excellent in vivo efficacy. Central efficacy was
observed after a single dose in three different animal models:
mice, guinea pigs, and Tg2576 mice. Furthermore, we demon-
strate that chronic treatment with AZ-4217 lowers amyloid de-
position in 12-month-old Tg2576 mice.

Materials and Methods
Compound. The AZ-4217 was designed and synthesized at AstraZeneca
R&D and the chemical structure is shown in Figure 1 (Swahn el al., 2012).

hBACE1 and hBACE2 TR-FRET assay. The procedure used has been
described previously (Swahn et al., 2012). In short, the soluble part of the
human �-secretase (recombinant hBACE1 enzyme, amino acids 1– 460,
or hBACE2 enzyme, amino acids 1– 473) was mixed with compound in
reaction buffer (Na-acetate, CHAPS, Triton X-100, EDTA, pH 4.5) and
pre-incubated for 10 min. Substrate (Europium)CEVNLDAEFK(Qsy7)
(PerkinElmer) was added and the reaction was allowed to proceed for
6.5 h in darkness under lid at 22°C until stopped with the addition of
Na-acetate, pH 9. The fluorescence of the product was measured on a
Wallac Victor II 1420 Multilabel Counter plate reader (PerkinElmer)
with an excitation wavelength of 340 nm and an emission wavelength of
615 nm.

hCathepsin D FRET assay. Cathepsin D enzyme (Calbiochem) and sub-
strate (Ac-Glu-Asp(EDANS)-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Gly-
Lys(DABCYL)-Glu-NH2) (Bachem) were separately diluted in glycine-HCl
buffer. Cathepsin D was mixed with compound dissolved in dimethylsulf-
oxide (DMSO) and pre-incubated for 10 min. Substrate was added and the
reaction mixture was incubated for 15 min in darkness at 22°C. The fluores-
cent signal was measured on a Wallac Victor II 1420 Multilabel Counter plate
reader (PerkinElmer) with an excitation wavelength of 355 nm and an emis-
sion wavelength of 460 nm.

SH-SY5Y sAPP� release assay. SH-SY5Y cells were cultured in DMEM/
F-12 with Glutamax, 10% fetal calf serum (FCS), and 1% nonessential
amino acids (Invitrogen). Compound was incubated with cells for 16 h at
37°C, 5% CO2. MSD plates (Meso Scale Discovery) were used for the

detection of sAPP� release according to the manufacturer’s instructions,
and the plates were read in a SECTOR Imager. In addition, the cell plates
were used to analyze cytotoxicity using the ViaLight Plus cell prolifera-
tion/cytotoxicity kit (Cambrex BioScience) according to the manufac-
turer’s instructions.

SH-SY5Y A�40 release assay. SH-SY5Y cells overexpressing APP695wt
were cultured in DMEM/F-12 with Glutamax, 10% FCS, and 1% nones-
sential amino acids (Invitrogen). The cells were incubated with cell cul-
ture media containing AZ-4217 for 16 h at 37°C, 5% CO2. Invitrogen
ELISA strips KHB3482 were used for the detection of human A�40 se-
creted into medium according to the manufacturer’s instructions. The
strips were read using a SpektraMax microplate reader (Molecular
Devices).

Mouse primary neuron A�40 release assay. Primary cortical cells were
isolated from fetal C57BL/6 or Tg2576 mice (E16). The cortices were kept
in calcium- and magnesium-free Earle’s Balanced Salt Solution (EBSS;
Invitrogen) containing 0.25% trypsin and 2 U/ml DNase for 1 h at 37°C
and 5% CO2. The cortices were washed in warm CMF-EBSS and gently
triturated with flame-polished pipettes to separate the cells. The cell so-
lution was transferred to a 50 ml Falcon tube containing medium (10%
HamsF12; 10% fetal bovine serum; 1% 10 mM HEPES; 1% 2 mM L-glu-
tamine; 0.5% 50 U/0.5 mg penicillin-streptomycin, and 77.5% DMEM
w/4.5 g/L-glucose), and filtered through a 100 �m Cell Strainer (BD
Falcon). The cells were plated onto 96-well poly-D-lysine-coated plates at
a density of 200,000 cells/200 �l/well. After 5 d at 37°C and 5% CO2, the
medium was changed to medium containing AZ-4217 and a final con-
centration of 1% DMSO. After incubation overnight, the amount of
released A�40 in the extracellular medium was measured using Invitro-
gen ELISA strips (KMB3481) according to the manufacturer’s instruc-
tions. The strips were read using a SpektraMax microplate reader
(Molecular Devices). The cytotoxic effect of compounds was directly
evaluated on the cell plates using the ViaLight Plus cell proliferation/
cytotoxicity kit (Cambrex BioScience) according to the manufacturer’s
instructions.

Guinea pig primary neuron A�40 release assay. Primary cortical cells
from fetal Dunkin–Hartley guinea pigs (E25–E27) were prepared as de-
scribed above. The amount of released A�40 in the extracellular medium
was measured using Invitrogen ELISA strips (KHB3482) according to the
manufacturer’s instructions.

Animals and animal handling. Rodent experimentations were per-
formed in accordance with relevant guidelines and regulations provided
by the Swedish Board of Agriculture. The ethical permissions were pro-
vided by an ethical board specialized in animal experimentations (Stock-
holm North Animal Research Ethical Board). Female 10- to 18-week-old
C57BL/6 mice (Harlan Laboratories) were used. The mice (n � 6) re-
ceived vehicle or AZ-4217 at 25, 50, 100, or 200 �mol/kg (12 mg/kg, 24
mg/kg, 48 mg/kg, or 95 mg/kg) as a single dose via oral gavage. As vehi-
cle, 5% dimethylacetamide and 20% hydroxypropyl-�-cyclodextrin
(HP�CD) in 0.3 M gluconic acid, pH 3, alone was used. Male 5-week-old
Dunkin–Hartley guinea pigs were purchased from HB Lidköping Kan-
infarm (Sweden). The guinea pigs (n � 6) received vehicle or AZ-4217 at
25 �mol/kg, 50 �mol/kg, or 100 �mol/kg (12, 24, and 48 mg/kg) as a
single dose via oral gavage. As vehicle, 0.3 M gluconic acid, pH 3, was used.
Tg2576 mice were purchased from Taconics, strain #1349 B6; SJL Mixed
Background, randomized upon arrival into different cages, and aged in
the animal facility at AstraZeneca R&D, Södertälje Sweden. The Tg2676
mice (n � 10 – 46), 12-month-old at termination, received 200 �mol/kg
(95 mg/kg) AZ-4217 or vehicle (0.3 M gluconic acid) as a single dose, or as
repeated doses once daily during 7 d or 28 d. Animals were anesthetized
0.5 h, 1.5 h, 3 h, 4.5 h, 8 h, 16 h, or 24 h after first or final administration
of vehicle or drug, and were then kept under isoflurane anesthesia. CSF
was aspirated from the cisterna magna (guinea pigs) and plasma was
isolated from blood collected by cardiac puncture into EDTA tubes.
Animals were then killed by decapitation and brains were dissected into
hemispheres. Moreover, female Tg2576 mice were also terminated at
different ages between 3 and 24 months to be able to study the variation
of sAPP� and sAPP�SWE with age.

Extraction and analysis of A� and sAPP in animal samples. The left
brain hemispheres were sequentially extracted by diethylamine (DEA)

Figure 1. Structure of AZ-4217.
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followed by formic acid (FA), to obtain soluble and insoluble fractions of
A� and sAPP species. C57BL/6 mouse and guinea pig brains were only
extracted with DEA. In short brain tissue was homogenized/sonicated in
1:18 or 1:20 (w/v) 0.2% DEA with 50 mM NaCl, followed by ultracentrif-
ugation. Recovered supernatants (soluble A�) were neutralized to pH 8.0
with 2 M Tris-HCl. The remaining pellet was sonicated in 1:18 (w/v) 70%
FA, ultracentrifuged, and the recovered supernatants (insoluble A�)
were neutralized to pH 7.5 with 1 M Tris at 1:20 (w/v) dilution. For
C57BL/6 samples, A�40 and A�42 levels in DEA brain extracts and A�40
levels in plasma were analyzed using commercial A�1– 40 and A�1– 42
ELISA kits (KMB3481 and KMB3441; Invitrogen). sAPP� in the DEA
brain extracts were analyzed using MSD sAPP� kit (K110BTE-2; Meso
Scale Discovery). For guinea pig samples, A�40 and A�42 levels in DEA
brain extracts, CSF, and plasma were analyzed using commercial
A�1– 40 (KHB3482; Invitrogen) and A�1– 42 (80177 RUO; Innogenet-
ics) ELISA kits. In the Tg2576 material transgenic human or mouse
endogenous A�40 and A�42 concentrations in plasma, soluble (DEA)
and insoluble (FA) fractions were measured by commercial sandwich
ELISA kits, according to manufacturer’s protocols (KHB3482,
KMB3441, and KMB3481 from Invitrogen and RUO80177 from Inno-
genetics). The levels of sAPP�SWE and sAPP� in the soluble (DEA) frac-
tions were measured using the MSD technology platform (K111BUE-2
and K111BSE-2; Meso Scale Discovery). All assays were validated in-
house and cross-reactivity between human and mouse A�-sequences
were found to be negligible. To compensate for matrix effects, plasma or
brain homogenates from nontransgenic mice were used for preparation
of standard curves. The lower limit of quantification (LLOQ) was deter-
mined for each immunoassay plate based on the lowest standard point
with a coefficient of variation �20% and an accuracy (back-calculated
concentrations) of 80 –120%. Analysis of data was done with pairwise
comparisons as t tests within a one-way ANOVA model on log trans-
formed data, using Prism 4 (GraphPad). Level of significance was set at
p � 0.05 (two-tailed).

Bioanalysis of in vivo samples. The right brain hemisphere was homog-
enized in two volumes (w/v) of Ringer’s solution. Aliquots of plasma (25
�l) and brain homogenate (50 �l) were precipitated with 150 �l aceto-
nitrile containing 200 nmol/L warfarin as a generic internal standard.
Samples were mixed, centrifuged, diluted with mobile phase, and ana-
lyzed on an liquid chromatography/mass spectrometry (LC-MS/MS)
system. CSF aliquots (15 �l) were directly diluted and injected. Correc-
tion for blood content in brain was made by subtracting 1.3% of the
plasma concentration from the total brain concentration.

Binding to plasma proteins and brain tissue. AZ-4217 was added to
female C57BL/6 mouse or male Dunkin–Hartley guinea pig plasma to a
final concentration of 10 �mol/L. An aliquot was dialyzed against phos-
phate buffer and incubated for 18 h at 37°C. Proteins were removed from
50 �l aliquots of dialyzed plasma and buffer samples, internal standard
was added, and the samples were analyzed with LC-MS/MS. The un-
bound fraction in plasma was calculated from the ratio of the MS area of
AZ-4217 in buffer divided by sum of the areas of AZ-4217 in buffer and
plasma. Recovery and stability in plasma were controlled for. Protein
plasma binding for female Tg2576 mice was assumed to be comparable to
that of C57BL/6 mice.

To determine brain tissue binding, 300-�m-thick coronal rat brain
slices were incubated for 5 h in 10 ml of an artificial interstitial fluid
buffer containing 1 �M AZ-4217. Following the incubation, slices were
weighted and homogenized, proteins were removed, and LC-MS/MS
analysis was performed. The unbound fraction in brain was calculated as
described by Fridén et al., 2009. Mouse and guinea pig total brain con-
centrations were converted to free concentrations by multiplying with
the unbound fraction. It has been shown that this unbound fraction in
brain is interexchangeable between different species (Di et al., 2011).

Pharmacokinetic/pharmacodynamic analysis. Pharmacokinetic/phar-
macodynamic (PK/PD) modeling was performed using WinNonlin
(Version 5.2; Pharsight Corporation). A simultaneous fit for all doses of
the PK profile in plasma or brain was performed per species/strain using
a one-compartment PK model. Total brain concentrations were con-
verted to free brain levels using brain exposure, plasma protein, and brain
binding. A� levels in treated animals were converted to values relative to

vehicle by calculation of the mean A� level measured in vehicle-treated
animals per experiment per time point followed by calculation of the A�
levels in treated animals as percentage of vehicle mean. The fitted brain
concentrations were used to drive an indirect response model with an
assumed inhibition on the production rate (kin; Dayneka et al., 1993) to
estimate the turnover rate of A� in brain (kout) and the concentration
giving 20% inhibition from baseline of A� in brain (IC20, including the
time delay due to the A� turnover rate). The outcome of this fit was used
to calculate the IC50 to allow direct comparison with in vitro models.

Results
In vitro potency and selectivity
The potency of AZ-4217 to inhibit human BACE1 and its closely
related enzymes was evaluated in vitro (Table 1). AZ-4217 inhib-
ited recombinant human BACE1 in a concentration-dependent
manner, reaching 100% inhibition, with a Ki of 1.8 nM. AZ-4217
inhibited the other isoform of BACE, human BACE2, with a Ki of
2.6 nM. AZ-4217 showed more than a 10,000-fold selectivity
against another aspartic protease, Cathepsin D (Ki � 25 �M). In
SH-SY5Y cells stably overexpressing wild-type APP695, AZ-4217
decreased the secretion of A�40 in a concentration-dependent
manner with an IC50 of 200 pM. In wild-type SH-SY5Y cells AZ-
4217 decreased the secretion of sAPP� with an IC50 of 160 pM.
The potency difference between the enzymatic assay and the cell
assays was expected as the substrate peptide in the TR-FRET assay
carries the Swedish mutation (APPSWE) and the cells express
wild-type APP. In a similar fashion AZ-4217 decreased the A�40
levels secreted from primary cortical neurons from C57BL/6
mice, Tg2576 mice, and guinea pigs, resulting in IC50 values of
2.7, 38, and 2.0 nM, respectively (Fig. 2). Hence, AZ-4217 was 14
times less potent in the Tg2576 primary cortical neurons com-
pared with the C57BL/6 mouse cell assay, based on A�40 readout.

AZ-4217 was tested in a panel of 98 in vitro radioligand bind-
ing and enzyme assays, covering a diverse range of receptors, ion
channels, transporters, and enzymes, up to a concentration of 10
�M. A few significant hits were observed; however, these had at
least a 2400-fold selectivity against BACE1, thus indicating spe-
cific binding to BACE (data not shown).

Plasma protein and brain tissue binding
The in vitro plasma protein binding of AZ-4217 was determined
by equilibrium dialysis for both mouse and guinea pig. The un-
bound fractions were 1.5 � 0.3% and 0.87 � 0.15% for mouse
and guinea pig, respectively (mean � SD). AZ-4217 was found to
be stable in plasma for at least 24 h. The free fraction in brain
tissue was 1%.

Table 1. AZ-4217 potency against BACE1, related aspartic proteases, and cellular
APP processing assays

Results � SD

Study
hBACE1 affinity, TR-FRET (Ki ) 1.8 � 0.40 nM

SH-SY5Y/APP, A�40 readout (IC50 ) 200 � 54 pM

SH-SY5Y, sAPP� readout (IC50 ) 160 � 110 pM

C57BL/6 Mouse Primary Neurons, A�40
readout (IC50 )

2.7 � 0.82 nM

Tg2576 mouse primary neurons, A�40
readout (IC50 )

38 � 11 nM

Guinea pig primary neurons, A�40 readout (IC50 ) 2.0 � 1.3 nM

Selectivity targets
hBACE2 affinity, TR-FRET (Ki ) 2.6 � 0.86 nM (no sel. versus hBACE1)
hCathepsin D affinity, TR-FRET (Ki ) 25 �M (�10,000x sel. versus hBACE1)

Data are reported as mean � SD of at least four independent experiments (Cathepsin D only measured twice).

Eketjäll et al. • In vivo Characterization of BACE Inhibitor AZ-4217 J. Neurosci., June 12, 2013 • 33(24):10075–10084 • 10077



Concentration effect relationship of AZ-4217 in
C57BL/6 mice
To study the concentration effect relationship of AZ-4217 in vivo,
the compound was orally dosed to C57BL/6 mice (25 �mol/kg,
50 �mol/kg, 100 �mol/kg, or 200 �mol/kg) followed by a PK/PD
analysis. The simultaneous fit of the resulting PK profiles in
plasma estimated an almost proportional increase in exposure
with increased dose. Clearance was estimated to 0.73 � 0.05
L/h/kg (estimate � SE on the estimate), volume to 5.7 � 0.3 L/kg,
and the absorption rate constant to 3.7 � 1.0 h�1. The maximum
concentration (Cmax) in plasma was estimated to 1.0 h after dose
(Fig. 3A). The PD effect readout was brain-soluble A�40/42 and
sAPP� levels. Maximum reduction of brain A�40 and A�42 (Fig.
3B,D) occurred at a later time point than Cmax in plasma and
brain resulting in a hysteresis-loop in the concentration-effect
relationship (Fig. 3C). Despite a tendency of the compound not
to reach immediate brain plasma ratio equilibrium, the concen-
tration in plasma had an almost linear relationship to the concen-
tration in brain (Fig. 3E). The maximum effect on brain sAPP�
(29% reduction from vehicle) was observed 6 h after an acute 100
�mol/kg dose of AZ-4217 (Fig. 3F). The PK parameter estimates
of the compound in brain were used to simultaneously fit brain
A�40 or A�42 levels relative to vehicle in time– and dose–
response profiles to estimate the in vivo potency and the turnover
half-life of A�. This half-life was estimated to 47 min for A�40
(Table 2) and 35 min for A�42, respectively. The IC50 free in
brain was estimated to 4.7 nM for A�40 (Table 2) and 5.0 nM for
A�42.

PK/PD relationship of AZ-4217 in guinea pigs
The dose–response effect of AZ-4217 on plasma, brain, and CSF
A� in guinea pigs was investigated 3 h after an oral dose of 25
�mol/kg, 50 �mol/kg, or 100 �mol/kg and time-dependent ef-
fects were studied between 0.5 and 24 h after a 50 �mol/kg dose
(Fig. 4). In the dose–response study, a clear effect on soluble A�
levels in plasma, brain, and CSF was observed. Plasma A�40
seemed to have reached a 55– 65% reduction regardless of dose at
the 3 h time point, A�42 levels were reduced down to the lower
limit of quantification of the ELISA assay even at the lowest dose,
resulting in a �90% reduction (Figs. 4A,B). AZ-4217 displayed a

dose-dependent reduction of brain-soluble A� with a maximum
estimated effect of 80 and 67%, respectively, for A�40 and A�42
(Fig. 4C,D). As in brain, AZ-4217 inhibition of CSF A�40 gener-
ation was dose dependent (Fig. 4E) with a maximum calculated
effect of 67% at the highest dose. The time-dependent reduction
of plasma, brain, and CSF A�40 as well as AZ-4217 exposure in
plasma and brain were evaluated in the time–response study (Fig.
4F,G). Plasma A�40 reached maximum reduction 1.5 h after
dose (�70%) and this reduction was sustained up until 8 h after
dosing. After 16 h A� levels in plasma were still reduced to �50%
of the vehicle-treated group, and even after 24 h had the A�40
levels in plasma not returned back to baseline. Sixteen hours after
the 50 �mol/kg dose one of six guinea pigs had a plasma exposure
below the LLOQ of 5 nM, while the remaining 5 had a mean
exposure of 9.4 � 5.5 nM (mean � SD). Twenty-four hours after
the oral dose of 50 �mol/kg none of the six guinea pigs had a
plasma exposure above LLOQ. In brain, the time-dependent re-
duction of A�40 displayed maximum effect 3 h after dose
(�70%), at 8 h after dose the effect was still significant (�20%),
but at 16 h levels were back to baseline. The time course of CSF
A�40 followed that of brain A�40 as depicted in Figure 4F.

A simultaneous fit of the plasma exposure after an oral 25
�mol/kg, 50 �mol/kg, or 100 �mol/kg dose revealed a linear
increase in exposure with dose between doses 50 and 100 �mol/
kg. In contrast, the 25 �mol/kg dose had only a factor 0.4 of the
expected plasma exposure. Using brain exposure PK profiles the
turnover half-life of A�40 was estimated to 53 min (Table 2) and
of A�42 to 65 min with an IC50 free in brain of 1.8 nM, for both.

Inhibition of A� generation in Tg2576 mice
The effect of AZ-4217 on A� deposition in brain was studied in
12-month-old Tg2576 mice. Both the effects on transgenic hu-
man A� (hA�) and endogenous mouse A� (mA�) in the soluble
(DEA extracted) and insoluble (FA extracted) pools were studied.
Insoluble A� is believed to come from A� deposits but appears
before A� plaques can be visualized by immunohistochemistry in
brain from Tg2576 mice (Kawarabayashi et al., 2001). Funato et
al. (1998) have further shown that insoluble A�42 correlates very
well with the amyloid burden in human brains and that the ac-
cumulation of insoluble A�42 precedes that of visual plaques.
Thus, biochemical evaluation of insoluble A� is a more sensitive
way of quantitatively evaluating effects on A� deposition in ani-
mal with no or few plaques. Nontransgenic animal do not de-
velop plaques and consequently no insoluble A� can be detected.
We have, however, studied the accumulation of endogenous
mA� with age in Tg2576 mice, which increases both in the solu-
ble and the insoluble brain pools (K. Dillner-Bergstedt, A. Bog-
stedt, D. Sunnemark, P. Appelkvist, F.-H. Wang, M. Lindberg, S.
Schött, B. Georgievska, H. Wigström, S. Eketjäll, and J. Sandin,
manuscript in preparation); co-aggregation of mA� with hA�
has also been shown in transgenic mice overexpressing APP with
the London mutation (Pype et al., 2003). Given the higher in vitro
IC50 for APPSWE, female Tg2576 mice (12 months at termina-
tion) were treated with 200 �mol/kg AZ-4217, acutely, 7 d or 28 d
and terminated 4.5 h after last dose. In brain, reductions in solu-
ble and insoluble hA�40 and A�42 (�20 –30%, p � 0.05) were
only seen after 28 d of treatment (Fig. 5A–D). Interestingly, acute
effects on the direct product of BACE1, sAPP�SWE, were clearly
seen already after a single dose of AZ-4217, as well as elevation of
sAPP� levels, and the effect levels remained the same indepen-
dent of duration of treatment, confirming consistent inhibition
of BACE1 in the brain throughout the period (Fig. 5E). We also
studied the variation of the levels of sAPP� and sAPP�SWE in

Figure 2. Concentration-dependent reduction of A�40 generation in cortical primary neu-
rons from guinea pig and C57BL/6 and Tg2576 mice. Concentration-dependent reduction of
A�40 generation in cortical primary neurons from guinea pig (filled circles), C57BL/6 (squares),
and Tg2576 (triangles) mice, after AZ-4217 treatment. AZ-4217 completely inhibited the A�40
production in the three cell systems, with the highest potency observed in the guinea pig cells.
Data shown as mean � SEM.
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DEA brain homogenates fromTg2576 mice and found them to be
comparatively stable between the age of 3 and 24 months (Fig.
5F) Plasma hA�40 was reduced down to the lower limit of quanti-
fication of the ELISA assay in all AZ-4217 Tg2576 treatment groups
(data not shown). Moreover no acute effects were observed on en-
dogenous mA� in the 12-month-old Tg2576 mice. However, solu-
ble brain mA�40 and mA�42 were, after 7 d of treatment, reduced
�40% and �25%, respectively (Fig. 6A,B), while insoluble mA�40
and mA�42 levels were only significantly different from vehicle after
28 d of treatment (�30%) (Fig. 6C,D). After 28 d of treatment,

Table 2. Exposure correlations in vitro/in vivo

Species, strain In vitro IC50 , nM Turnover half-life, min In vivo IC20 , nM In vivo IC50 , nM

Mouse, C57BL/6 2.7 � 0.82 47 (37– 64) 1.8 (1.5–2.1) 4.7
Guinea pig, DH 2.0 � 1.3 53 (34 –121) 0.5 (0.3– 0.7) 1.8
Mouse, Tg2576 38 � 11 NA NA NA

In vitro IC50 in primary neurons incubated with AZ-4217 (�SD). Turnover half-life of A�40 in brain (kout ,
estimate and 95% planar confidence interval). No turnover half-life could be determined in Tg2576 due to a
single time point effect readout. In vivo IC20 is expressed as free AZ-4217 concentration in brain (estimate and
95% planar confidence interval). Calculated in vivo IC50 for A�40 in brain as free AZ-4217 concentration in
brain.

Figure 3. Time- and dose/concentration-dependent inhibition of A� generation in plasma and brain of C57BL/6 mice. Time- and dose-dependent inhibition of A� generation in C57BL/6 mice
after a 25 �mol/kg (diamonds), 50 �mol/kg (squares), 100 �mol/kg (triangles), or 200 �mol/kg (filled circles) oral dose. Mean � SD observed and fitted time-plasma exposure profiles (A).
Mean � SD observed and fitted time-A�40 in brain profiles (B). Plasma exposure versus observed mean � SD and fitted A�40 in brain (C). Mean � SD observed and fitted time-A�42 in brain
profiles (D). Unbound plasma versus free brain concentrations as measured in individual mice at the different doses and time points (E). Only values above LLOQ are shown, the mean levels (�SEM,
n � 59) of A�40 and A�42 in the vehicle-treated groups were 4352 � 136 and 1072 � 31 pg/g tissue, respectively. The effect on sAPP� was also studied and displayed maximum reduction at
6 h after a 100 �mol/kg dose (F ). Data are presented as mean values � SEM (**p � 0.01, compared with vehicle).
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Figure 4. Time- and dose-dependent inhibition of A� generation in guinea pig AZ-4217 was given to guinea pigs via oral gavage at doses 25 �mol/kg, 50 �mol/kg, or 100 �mol/kg and effects
were observed after 3 h (A–E). Inhibition of plasma A�40 (A) and A�42 (B) seemed to reach a plateau, with A�42 reduced down to the LLOQ of the assay. Brain A�40 (C) and A�42 (D) were reduced
dose dependently. CSF A�40 (E) also displayed a dose-dependent reduction. The time–response effects on brain, CSF, and plasma A�40 (A�42 not shown) of AZ-4217 were studied with 50
�mol/kg (F ), as well as the free concentration of AZ-4217 in plasma and brain (G). Data are presented as mean values � SEM (*p � 0.05; **p � 0.01, ***p � 0.001, compared with vehicle).
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AZ-4217 exposure in plasma and brain was in line with the predic-
tion made on the basis of the acute study performed in C57BL/6
mice as reported above.

Discussion
There is a great need for therapeutic interventions to stop/slow
the progress of AD. As a key target implicated in pathophysiol-
ogy, drugs targeting amyloid production and/or clearance are
currently pursued. The �-secretase inhibitors and A� antibodies

tested to date have failed to reach primary clinical endpoints, and
so much emphasis has been put into developing BACE1 inhibi-
tors or modulators of the �-secretase complex as targets early in
the production of A� (D’Onofrio et al., 2012; Probst et al., 2012;
Xia at al., 2012). A general concern with targeting BACE1 or
�-secretase is that it may result in adverse target-related effects
due to the involvement of these secretases in other signaling path-
ways (Vassar et al., 2009). The identity and full physiological
importance of other BACE1 substrates in addition to APP are,

Figure 5. Acute and long-term treatment of Tg2576 mice with AZ-4217. Female Tg2576 (12 months at termination) mice were treated with 200 �mol/kg AZ-4217 acutely or repeatedly once
daily for 7 and 28 d, terminated 4.5 h after last dose. Significant effects on brain hA�40 and hA�42 were only seen after 28 d of treatment in both the soluble (A, B) and the insoluble (C, D) brain
pools. Target engagement was seen already after acute treatment both on brain sAPP�SWE, reduced, and brain sAPP�, elevated (E). The levels of sAPP�SWE (triangles) and sAPP� (squares) in DEA
brain homogenates were stable in female Tg2576 mice between 3 and 24 months of age (F ). Data are presented as mean values � SEM (*p � 0.05; **p � 0.01, ***p � 0.001, compared with
vehicle). The mean levels (pg/mg tissue � SEM, n � 72/77) in the vehicle-treated groups were 396 � 26 (soluble hA�40), 207 � 9 (soluble hA�42), 2399 � 193 (insoluble hA�40), and 2961 �
148 (insoluble hA�42).
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with few exceptions, largely unknown. However, a number of
recent reports suggests that some of the functional aspects of
BACE1 (conveyed by its substrates such as neuregulin, �-subunit
of Na� channels, etc.) may be important, at least during devel-
opment (Hu et al., 2006; Kim et al., 2011; Cai et al., 2012; Cao et
al., 2012). Of note, most of the new information regarding the
significance of BACE1 and its substrates for normal physiological
function is derived from transgenic mouse work. However, the
findings described in BACE1 knock-out mice could be character-
ized as a developmental phenotype that only manifested itself in
homozygous knock-out animals, and thus pharmacologic inhi-
bition of BACE1 in adult humans may have different manifesta-
tions. AZ-4217 displays similar inhibition of BACE1 and BACE2.
In contrast to BACE1, BACE2 is expressed at very low levels in neu-
rons and the role of BACE2 in APP processing and disease, or if
inhibition of BACE2 would increase safety concerns, remains uncer-
tain. An additional way forward to achieving an improved therapeu-
tic efficacy safety window is to aim for compounds with very high
affinity, thereby facilitating a low human dose and limiting off-
target-related safety concerns. There is, however, a risk that a high-
affinity active site inhibitor could increase the potency against other
potential substrates and, consequently, induce toxicity. Neverthe-
less, provided the high-affinity compound possesses good PK prop-
erties, the overall safety risk including idiosyncratic toxicity and off-
target toxicity should be reduced considering that the exposure
required to achieve a therapeutic effect will be substantially lower
compared with medium or poor affinity compounds.

The crystal structure of AZ-4217 in complex with BACE1 was
reported previously (Swahn et al., 2012). The binding of AZ-4217

to BACE1 translates into a potent compound in human SH-SY5Y
cells (160 pM) with an excellent in vivo efficacy profile in three
different preclinical animal models. Wild-type C57BL/6 mice
and guinea pigs, expressing endogenous APP and BACE1, were
used for demonstration of efficacy of AZ-4217 on A� levels in
plasma, brain, and CSF in a native setting. The in vitro potency as
observed in the primary neurons translated well to the in vivo
potency in mouse.

Wild-type mice do not develop plaque. Therefore, in mice
plaque burden is preferably studied in transgenic overexpressing
models, which do develop amyloid plaques. One such model is
the Tg2576 mouse model overexpressing human APP with the
Swedish mutation (APPSWE), which develops amyloid plaques at
8 –12 months of age (Hsiao et al., 1996; Kawarabayashi et al.,
2001). To build confidence for efficacy in a disease setting, i.e., in
addition to reducing soluble toxic species of A� to also reducing
A� deposition in brain, Tg2576 mice were used to study the
efficacy of AZ-4217. BACE1 has a higher affinity for the APPSWE,
which leads to increased APP processing and elevated levels of A�
peptides (Vassar et al., 1999). Thus, this mutation renders BACE1
inhibitors less potent in such systems, as is reflected in the 14-fold
potency drop in cellular IC50 of Tg2576 relative to that of
C57BL/6 mice primary neurons. Aware of these constrains of the
Tg2576 mouse model in evaluating a BACE1 inhibitor potency,
both human A� (formed from overexpressed APPSWE) and en-
dogenous mouse A� were measured. Significant effect on plasma
A� was shown already after a single dose of AZ-4217. Effect in
brain was also observed after a single dose in form of brain

Figure 6. Effects on endogenous mA� in 12-month-old Tg2576 mice treated with AZ-4217. In the same Tg2576 brain extracts, as hA� were measured, we also evaluated the effects on
endogenous mA�. Significant reductions of soluble endogenous brain mA�40 and mA�42 were observed after 7 d of treatment (A, B). As with hA�-insoluble endogenous brain mA�40, hA�42
only displayed significant effects after 28 d of treatment (C, D). Data are presented as mean values � SEM (*p � 0.05; **p � 0.01, ***p � 0.001, compared with vehicle). The mean levels (pg/mg
tissue � SEM, n � 77) in the vehicle-treated groups were 8 � 0.5 (soluble mA�40), 8 � 0.4 (soluble mA�42), 53 � 3 (insoluble mA�40), and 88 � 5 (insoluble mA�42).
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sAPP�SWE decrease, making the APP substrate available for
�-secretases leading to increased sAPP� levels. To our knowledge
this is the first time BACE1 inhibition is demonstrated in the
brain parenchyma after a single oral administration of a BACE1
inhibitor to Tg2576 mice. Noteworthy is also that the magnitude
of the effect on both sAPP�SWE and sAPP� does not change with
treatment length. Intriguingly, brain A�40/42 reductions in this
Tg2576 mouse model, independent of being endogenous or de-
rived from the overexpressed human APPSWE, only showed a
reduction on soluble A�40/42 after repeated dosing for 7 d and
on insoluble A�40/42 when treated for 28 d. These finding are in
line with the observations made by Fukumoto et al. (2010) where
they demonstrated effects on Tris-soluble A� in the brain of
young Tg2576 mice after 7 weeks of oral administration of a
BACE1 inhibitor and on insoluble (FA) A� in 13-month-old
Tg2576 mice after 6 months of treatment. Chang et al. (2011)
demonstrated effects on interstitial fluid A�40 in young Tg2576
mice after an acute dose of a BACE1 inhibitor but only observed
effects on brain extracts after long-term treatment. The difficul-
ties of demonstrating acute effects on soluble brain A� in Tg2576
mice after a single administration of a BACE1 inhibitor has also
been reported by others (Malamas et al., 2010). In contrast to
what others have reported (Fukumoto et al., 2010) we do not see
any changes in the levels of sAPP�SWE or sAPP�, the direct prod-
ucts of BACE1 and �-secretase activities, in female Tg2576 mice
3–24 months of age. Indicating that the activities of these en-
zymes are stable with age in Tg2576 mice. Accumulation of A� in
brain with age in Tg2576 mice and in AD patients is more likely to
be the results of decreased transport and/or clearance of A�
(Hartz et al., 2010; Mawuenyega et al., 2010). As observed in our
studies BACE1 inhibition could therefore only manifest itself
acutely in brain on sAPP�SWE and not on soluble and insoluble
A� in 12-month-old Tg2576 mice, where transport and/or clear-
ance of A� is reduced and the majority of extracted A� comes
from deposits, i.e., is not newly synthesized (Hong et al., 2011).
Nevertheless, our data point to the concept that a BACE1 inhib-
itor can affect A� deposition in brain after long-term treatment.

Although beyond the scope of the present study, it is worth-
while to note that treatment with AZ-4217 was very well tolerated
throughout the study and did not produce any noticeable adverse
effects, presumably because of the high target selectivity of the
AZ-4217 and the low systemic burden that was enabled by the
high affinity of the compound toward BACE1.

In summary, we present the discovery and pharmacological
profile of AZ-4217, a novel BACE1 inhibitor with high potency in
in vitro and in vivo systems. Furthermore, we demonstrate that in
a 1 month treatment paradigm BACE1 inhibition of A� produc-
tion does lower amyloid deposition in brain of 12-month-old
Tg2576 mice. In these mice BACE1 inhibition was confirmed
already after a single dose, while effects on soluble and insoluble
brain A� were only observed after repeated dosing. Choosing the
right in vivo model and the right biomarker for preclinical screen-
ing is therefore of upmost importance. Our results strongly sup-
port BACE1 inhibition as effective for reduction of soluble toxic
A� species and for lowering plaque deposition over time, hence
potentially as a useful therapeutic intervention in an appropriate
AD population.
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Radesäter AC, Ploeger B, Cebers G, Kolmodin K, Swahn BM, von Berg S,
Bueters T, Fälting J (2012) J Biol Chem 287:41245– 41257.

Jonsson T, Atwal JK, Steinberg S, Snaedal J, Jonsson PV, Bjornsson S, Stefans-
son H, Sulem P, Gudbjartsson D, Maloney J, Hoyte K, Gustafson A, Liu Y,

Eketjäll et al. • In vivo Characterization of BACE Inhibitor AZ-4217 J. Neurosci., June 12, 2013 • 33(24):10075–10084 • 10083

http://dx.doi.org/10.1016/S0140-6736(10)61349-9
http://www.ncbi.nlm.nih.gov/pubmed/21371747
http://dx.doi.org/10.1002/emmm.201101084
http://www.ncbi.nlm.nih.gov/pubmed/22903875
http://www.ncbi.nlm.nih.gov/pubmed/22355745
http://dx.doi.org/10.1096/fj.10-167213
http://www.ncbi.nlm.nih.gov/pubmed/21059748
http://dx.doi.org/10.1038/360672a0
http://www.ncbi.nlm.nih.gov/pubmed/1465129
http://dx.doi.org/10.1007/BF01061691
http://www.ncbi.nlm.nih.gov/pubmed/8133465
http://dx.doi.org/10.1124/dmd.111.038778
http://www.ncbi.nlm.nih.gov/pubmed/21474681
http://dx.doi.org/10.1517/17460441.2012.645534
http://www.ncbi.nlm.nih.gov/pubmed/22468891
http://dx.doi.org/10.1016/j.jalz.2012.05.1900
http://dx.doi.org/10.1124/dmd.108.026377
http://www.ncbi.nlm.nih.gov/pubmed/19299522
http://dx.doi.org/10.1523/JNEUROSCI.2884-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20720123
http://www.ncbi.nlm.nih.gov/pubmed/9626067
http://dx.doi.org/10.1126/science.1072994
http://www.ncbi.nlm.nih.gov/pubmed/12130773
http://dx.doi.org/10.1124/mol.109.061754
http://www.ncbi.nlm.nih.gov/pubmed/20101004
http://dx.doi.org/10.1523/JNEUROSCI.3272-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049429
http://dx.doi.org/10.1126/science.274.5284.99
http://www.ncbi.nlm.nih.gov/pubmed/8810256
http://dx.doi.org/10.1021/jm300598e
http://www.ncbi.nlm.nih.gov/pubmed/22928914
http://dx.doi.org/10.1038/nn1797
http://www.ncbi.nlm.nih.gov/pubmed/17099708


Lu Y, Bhangale T, Graham RR, Huttenlocher J, Bjornsdottir G, Andreas-
sen OA, Jönsson EG, et al. (2012) A mutation in APP protects against
Alzheimer’s disease and age-related cognitive decline. Nature 488:96 –99.
CrossRef Medline

Kawarabayashi T, Younkin LH, Saido TC, Shoji M, Ashe KH, Younkin SG
(2001) Age-dependent changes in brain, CSF, and plasma amyloid (beta)
protein in the Tg2576 transgenic mouse model of Alzheimer’s disease.
J Neurosci 21:372–381. Medline

Kim DY, Gersbacher MT, Inquimbert P, Kovacs DM (2011) Reduced so-
dium channel Na(v)1.1 levels in BACE1-null mice. J Biol Chem 286:
8106 – 8116. CrossRef Medline

Lai R, Albala B, Kaplow JM, Aluri J, Yen M, Satlin A (2012) First-in human
study of E2609, a novel BACE1 inhibitor, demonstrates prolonged reduc-
tions in plasma �-amyloid levels after single dosing. Alzheimer Dement
8:96. CrossRef

Malamas MS, Robichaud A, Erdei J, Quagliato D, Solvibile W, Zhou P, Morris
K, Turner J, Wagner E, Fan K, Olland A, Jacobsen S, Reinhart P, Riddell D,
Pangalos M (2010) Design and synthesis of aminohydantoins as potent
and selective human �-secretase (BACE1) inhibitors with enhanced brain
permeability. Bioorg Med Chem Lett 20:6597– 6605. CrossRef Medline

Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC,
Yarasheski KE, Bateman RJ (2010) Decreased clearance of CNS beta-
amyloid in Alzheimer’s disease. Science 330:1774. CrossRef Medline

May PC, Dean RA, Lowe SL, Martenyi F, Sheehan SM, Boggs LN, Monk SA,
Mathes BM, Mergott DJ, Watson BM, Stout SL, Timm DE, Smith Labell
E, Gonzales CR, Nakano M, Jhee SS, Yen M, Ereshefsky L, Lindstrom TD,
Calligaro DO, et al. (2011) Robust Central. Reduction of amyloid-b in
humans with an orally available, non-peptidic �-secretase inhibitor.
J Neurosci 31:16507–16516. CrossRef Medline

McConlogue L, Buttini M, Anderson JP, Brigham EF, Chen KS, Freedman SB,
Games D, Johnson-Wood K, Lee M, Zeller M, Liu W, Motter R, Sinha S
(2007) Partial reduction of BACE1 has dramatic effects on Alzheimer
plaque and synaptic pathology in APP transgenic mice. J Biol Chem 282:
26326 –26334. CrossRef Medline

Probst G, Xu YZ (2012) Small-molecule BACE1 inhibitors: a patent litera-
ture review (2006 –2011). Expert Opin Ther Pat 22:511–540. CrossRef
Medline

Pype S, Moechars D, Dillen L, Mercken M (2003) Characterization of amy-
loid beta peptides from brain extracts of transgenic mice overexpressing
the London mutant of human amyloid precursor protein. J Neurochem
84:602– 609. CrossRef Medline

Roberds SL, Anderson J, Basi G, Bienkowski MJ, Branstetter DG, Chen KS,

Freedman SB, Frigon NL, Games D, Hu K, Johnson-Wood K, Kappen-
man KE, Kawabe TT, Kola I, Kuehn R, Lee M, Liu W, Motter R, Nichols
NF, Power M, et al. (2001) BACE knock-out mice are healthy despite
lacking the primary beta-secretase activity in brain: implications for Alz-
heimer’s disease therapeutics. Hum Mol Genet 10:1317–1324. CrossRef
Medline

Sankaranarayanan S, Holahan MA, Colussi D, Crouthamel MC,
Devanarayan V, Ellis J, Espeseth A, Gates AT, Graham SL, Gregro AR,
Hazuda D, Hochman JH, Holloway K, Jin L, Kahana J, Lai MT, Lineberger
J, McGaughey G, Moore KP, Nantermet P, et al. (2009) First demonstra-
tion of cerebrospinal fluid and plasma A� lowering with oral administra-
tion of a �-site amyloid precursor protein-cleaving enzyme 1 Inhibitor in
nonhuman primates. J Pharmacol Exp Ther 328:131–140. CrossRef
Medline

Stachel SJ, Coburn CA, Sankaranarayanan S, Price EA, Wu G, Crouthamel M,
Pietrak BL, Huang Q, Lineberger J, Espeseth AS, Jin L, Ellis J, Holloway
MK, Munshi S, Allison T, Hazuda D, Simon AJ, Graham SL, Vacca JP
(2006) Macrocyclic inhibitors of �-secretase: functional activity in an
animal model. J Med Chem 49:6147– 6150. CrossRef Medline

Swahn BM, Kolmodin K, Karlström S, von Berg S, Söderman P, Holenz J,
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