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Alzheimer’s disease (AD) is a progressive, neurodegenerative disease histochemically characterized by extracellular
deposits of amyloid beta (A�) protein and intracellular neurofibrillary tangles of hyperphosphorylated tau protein. AD
is considered to be a complex, multifactorial syndrome, with numerous causal factors contributing to its pathogenesis.
Thus, for any novel therapeutic molecule to have a “disease-modifying” effect on AD, it must be able to modulate
multiple, synergistic targets simultaneously. In this context, we have studied two compounds of plant origin [withanolide
A (1) and asiatic acid (2)] for their potential activities against multiple targets associated with A� pathways (BACE1,
ADAM10, IDE, and NEP). BACE1 is a rate-limiting enzyme in the production of A� from amyloid-� precursor protein
(A�PP), while ADAM10 is involved in non-amyloidogenic processing of A�PP. IDE and NEP are two of the prominent
enzymes involved in effectively degrading A�. It was found that both 1 and 2 significantly down-regulated BACE1 and
also up-regulated ADAM10 in primary rat cortical neurons. In addition, 1 significantly up-regulated IDE levels, which
may help in degrading excess A� from the AD brain. On the basis of the data obtained, the two multifunctional compounds
may prove valuable in developing novel, effective therapeutics for the prevention and treatment of AD-associated amyloid
pathology.

Alzheimer’s disease (AD) is a very complex, multifactorial, age-
related neurodegenerative disease, characterized clinically by severe
memory loss and impairment of various cognitive functions.1

Pathologically, AD is characterized by extracellular deposits of
amyloid beta (A�) protein and intracellular accumulation of
neurofibrillary tangles (NFTs) that are composed of hyperphos-
phorylated tau (τ) protein.2

AD is classified into two categories, viz., familial Alzheimer’s
disease (FAD) and sporadic Alzheimer’s disease (SAD). FAD has
been shown to be associated with mutations in A�PP and presenilin
1 and 2 (PS1 and PS2) genes on chromosomes 21, 14, and 1,
respectively.3-5 Of all AD cases, only 5-10% are due to FAD
mutations, and the mutations in PS1 are the most frequent of FAD
causes.6 Furthermore, the apolipoprotein E4 (ApoE4) gene has been
shown to cause a slight predisposition to AD.7 On the other hand,
SAD is the major form of AD and comprises 90-95% of all cases.8

Unlike FAD, the etiology of SAD is not well understood,9 and
several possible risk factors in the development of SAD have been
identified. Age is the most significant risk factor for the development
of AD.9 Additional risk factors based upon epidemiological studies
are a high fat diet, gender, head trauma, and vascular risk factors
such as diabetes, ischemia, and hypertension.10 Thus, the lack of
any cure for AD potentially may be attributed to this complex
etiology. The currently available treatments for AD approved by
the United States Food and Drug Administration (FDA) comprise
donepezil, tacrine, rivastigmine, and memantine. The first three
drugs inhibit acetylcholine esterase, either selectively or nonselec-
tively, and thus help in improving memory in AD patients.
However, their use is associated with various adverse side effects.11

In contrast, memantine is a noncompetitive inhibitor of N-methyl-

D-aspartate (NMDA) receptors, which prevents glutamate excito-
toxicity and has relatively fewer adverse drug effects.11 All of these
approved drugs have beneficial, but short-lived effects in mediating
the symptoms of AD.

Thus, there is a significant need for the development of novel
drugs that will not only affect the cholinergic and glutamatergic
pathways (symptomatic therapies) but also target other cellular
pathways and have lasting, disease-modifying effects against AD.
In this regard, investigation of the A� pathway may be the most
appropriate. Various molecular, cellular, and animal model studies
have been used to establish the A� protein as a central factor in
the development and progression of AD.9 The increased production
and deposition of A� in the AD brain initiates a pathological
cascade leading to the formation of NFTs, gliosis, inflammatory
changes, synaptic damage, and neurotransmitter loss.12 Thus, there
is a major research focus on finding drugs that may decrease A�
levels in the AD brain, by lowering its production and/or enhancing
its degradation and clearance. These pathways offer multiple
molecular therapeutic targets, such as BACE1, the presenilins, and
ADAM10 (involved in amyloidogenic and non-amyloidogenic
processing of A�PP), and insulin-degrading enzyme (IDE), nepril-
ysin (NEP), and matrix metalloproteinases (MMPs) (involved in
A� degradation). The major drawback of the present drug develop-
ment strategies, however, is the “one-drug-one-target” approach,
rendering them limited in their ability to modify the apparent
complex pathology of AD.13 Thus, there is an immediate need to
develop novel therapeutic molecules that may be able to modulate
multiple A�-related targets simultaneously, thereby providing
disease-modifying therapeutic efficacy against this devastating
disease.

The aim of the present study was to examine two pure natural
products (withanolide A, 1, and asiatic acid, 2) isolated from two
medicinally important plants (Withania somnifera and Centella
asiatica, respectively), for their potential activities against multiple
targets associated with A�PP processing and A� clearance (BACE1,
ADAM10, IDE, and NEP).
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Results and Discussion

A�PP Processing: Both Withanolide A (1) and Asiatic
Acid (2) Enhance Non-amyloidogenic Processing of A�PP
by Down-regulating BACE1 as Well as Up-regulating
ADAM10 Activation in Primary Rat Cortical Neurons. To
determine whether 1 and 2 affect A�PP processing, primary rat
cortical neurons were treated with various doses of these compounds
for 24 h. Compound 1 was nontoxic to neurons at a concentration
as high as 100 µM, while 2 affected cell viability at 20 µM and
caused complete cell death at 100 µM (data not shown). Therefore,
the highest concentrations of 1 and 2 used in the present study
were 100 and 10 µM, respectively. The morphologies of neurons
treated with 100 µM of compound 1 and 10 µM of compound 2
are shown using MAP-2 immunostaining (Figure 1). Both 1 and 2
at these concentrations had no significant effect on cell morphology
and viability, as compared to controls.

After 24 h of treatment with 1 and 2, the expression levels of various
proteins (cellular and secreted) associated with A�PP processing were
measured; the conditioned media were collected for evaluation of
sAPPR levels, while the neurons were washed and lysed, and the total
cellular protein was used for western blot analysis of different cellular
proteins. BACE1 levels decreased dose-dependently in response to both
1 and 2 treatment (Figures 2 and 3, p < 0.05). Also, both 1 and 2
dose-dependently enhanced ADAM10 activation in primary rat cortical
neurons as compared to controls; levels of mature ADAM10 (∼60
kDa isoform) dose-dependently increased in response to both 1 and 2
treatment (Figures 2 and 3, p < 0.05). BACE1 is involved in
amyloidogenic processing of A�PP, whereby it cleaves A�PP, forming
the smaller, membrane-bound C-terminal fragment of APP (C99),
which is further cleaved by γ-secretase, leading to the formation of
A� proteins.14 On the other hand, cleavage of A�PP by ADAM10
constitutes the non-amyloidogenic pathway, in which ADAM10
cleaves A�PP within its A� region, releasing a membrane-bound, ∼10
kDa C-terminal fragment (C83) and a soluble, ∼120 kDa N-terminal
fragment (sAPPR), thus precluding A� formation.15 Therefore, the
observed down-regulation of BACE1 and up-regulation of ADAM10
activation due to treatment with 1 and 2 may suggest a strong bias
toward non-amyloidogenic processing of A�PP, thus producing
elevated levels of C83 and sAPPR. Consistent with this, both 1 and 2
dose-dependently increased C83 and sAPPR levels in cortical neurons
(Figure 4, p < 0.05).

A� Degradation: Withanolide A (1), but not Asiatic Acid
(2), Enhances IDE Levels, While NEP Is Unaffected by Both
1 and 2 in Primary Rat Cortical Neurons. In addition to the
observed effects of 1 and 2 on A�PP processing in primary rat

cortical neurons, it was intended also to study their possible effects
in terms of degradation of A�. In this regard, the expression levels
of IDE and NEP, two major proteins involved in the degradation
of A�, were examined.16 The activity as well as mRNA and protein
levels of IDE are decreased in the AD brain, and this decrease is
associated with elevated levels of A� as compared to healthy
controls.17 Similarly, NEP mRNA and protein levels are reduced
significantly in AD brains as compared to controls, and this decrease
is specific to brain regions that are selectively affected in AD
pathology.18 Thus, it has been hypothesized that the increased
expression of these enzymes (IDE and NEP) may confer a protective
effect against AD-associated A� etiology.19 In the present study,
it was found that withanolide A dose-dependently enhanced IDE
levels in cortical neurons (Figure 5, p < 0.05). In contrast, there
was no change in the levels of IDE in neurons treated with asiatic
acid at all concentrations as compared to untreated ones (Figure
S1, Supporting Information). In the case of NEP, 1 had no effect
on NEP levels at all concentrations as compared to controls (Figure
5). Furthermore, 2 also had no effect on NEP levels at 1 and 10
µM, but at 5 µM there was a statistically significant, but nevertheless
slight increase (∼32%) in NEP levels (Figure S1, Supporting
Information).

The “amyloid cascade hypothesis”, which suggests the ac-
cumulation of A� in the brain as a main trigger for AD, has been
studied extensively since the first characterization of A� deposits
in 1984.20 According to this hypothesis, a chronic imbalance
between the production and clearance of A� results in the formation
of A� plaques and plays a major role in the etiopathogenesis of
AD.21 Many studies support the amyloid cascade hypothesis. The
brains of AD patients are characterized by the presence of A�
plaques, and their number far exceeds that found in the brains of
age-matched healthy controls.22 Furthermore, the amount of A�
plaques is correlated highly with the degree of cognitive impair-
ment.23 In addition, all three genes associated with FAD have been
shown to be involved in increased production of A� (A�PP, PS1,
and PS2).24 Down’s syndrome patients who produce significantly
higher amounts of A� from birth and deposit A� plaques in their
brains as early as age 12, consistently develop AD by the age of
50.25 This further emphasizes the central role of A� in the
pathogenesis of AD. Thus, a major focus of current AD drug
discovery efforts is on developing novel therapeutics that may
effectively decrease A� production and deposition in the AD
brain.21

Figure 1. MAP-2 immunostaining. Primary rat cortical neurons
were treated for 24 h with 100 µM of withanolide A (1), 10 µM of
asiatic acid (2), or 0.1% DMSO (control). Images were obtained
with a Leica DM IL inverted fluorescence microscope (objective
lens magnification, 40×).
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The proteolytic processing of A�PP takes place by sequential
cleavage by various proteases named R-, �-, and γ-secretase.
R-Secretase is a member of the ADAM (a disintegrin and metal-
loprotease) family, such as ADAM17 or TACE (tumor necrosis
factor-R converting enzyme), ADAM 9, ADAM10, MDC9, and
an aspartyl protease, BACE2.26 The R-secretase enzyme cleaves
A�PP within the A� domain between residues Lys16 and Leu17,
thus avoiding the generation of intact A� peptides. This leads to
the formation of a soluble domain (sAPPR), released into extra-
cellular space, and a 10 kDa C-terminal fragment (C83), which
remains within the cellular membrane and serves as substrate for
further cleavage by γ-secretase.27 Both sAPPR and C83 have been
shown not to contribute directly to A� plaques observed in AD
brains.9 In fact, both R-secretase (ADAM10) and sAPPR have been
shown to be reduced in AD patients as compared to healthy
controls.28 On the contrary, �-secretase (BACE1) is up-regulated
significantly in the AD brain.29 BACE1 is a major �-secretase
involved in the amyloidogenic processing of APP in neurons.30

BACE1 cleaves APP at the Asp+1 residue of the A� region and
leads to the generation of a secreted soluble fragment (sAPP�) and
a membrane-bound C-terminal fragment (C99). The γ-secretase
cleavage of C99 constitutes an amyloidogenic pathway, leading to
the generation of a spectrum of A� peptides. The A� peptides

containing 40 or 42 amino acids (A�40/42) are the two most
common amyloidogenic A� peptides and are involved in the
formation of mature, neuritic plaques observed in the AD brain.31

In the present study, it was found that both withanolide A (1) and
asiatic acid (2) dose-dependently and significantly down-regulated
BACE1 levels in primary rat cortical neurons. BACE1 is a rate-
limiting enzyme in the production of A�; our group and others
have shown previously that a slight increase in BACE1 levels leads
to a dramatic increase in the production of A� 40/42.32,33 A
corollary to this is that even a slight decrease in BACE1 levels
may lead to a considerable decrease in the production of A�. Thus,
1 and 2, with their significant activity against BACE1, represent
potentially effective lead compounds for AD aimed at decreasing
A� generation and deposition. Furthermore, it has been established
recently that BACE1 and R-secretase compete for A�PP processing,
whereby BACE1 cleavage of A�PP precludes its processing by
R-secretase and vice versa.34,35 Thus, BACE1 down-regulation
induced by 1 and 2, in itself, may indirectly lead to the increased
processing of A�PP by R-secretase (non-amyloidogenic processing).
In the current work, it is encouraging that both 1 and 2 also had
direct effects on R-secretase activity, which was evident by
significantly enhanced ADAM10 maturation (increased ratio of

Figure 2. Withanolide A (1) down-regulates BACE1 and up-
regulates ADAM10. Cortical neurons were treated with 0, 5, 20,
and 100 µM of 1 for 24 h. Immunoblots show significant down-
regulation in BACE1 levels and also up-regulation of active
ADAM10 levels in neurons treated with 1 as compared to respective
controls (0.1% DMSO). Histograms corresponding to BACE1 and
ADAM10 blots represent quantitative determinations of intensities
of the relevant bands normalized to actin. Data represent the mean
( SD of three independent experiments. The Student’s t test was
used for analyzing the differences between the two treatment groups
(*, p < 0.05 compared with respective control).

Figure 3. Asiatic acid (2) down-regulates BACE1 and up-regulates
ADAM10. Cortical neurons were treated with 0, 1, 5, and 10 µM
of 2 for 24 h. Immunoblots show significant down-regulation in
BACE1 levels as well as up-regulation of mature ADAM10 levels
in neurons treated with 2 as compared to respective controls (0.01%
DMSO). Histograms corresponding to BACE1 and ADAM10 blots
represent quantitative determinations of intensities of the relevant
bands normalized to actin. Data represent the mean ( SD of three
independent experiments. The Student’s t test was used for
analyzing the differences between the two treatment groups (*, p
< 0.05 compared with respective control).
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mature to pro ADAM10 levels). This increased R-secretase activity
further affects non-amyloidogenic processing of A�PP (a positive
gain of function). It was found that levels of both C83 and sAPPR,
non-amyloidogenic products of A�PP, were elevated by treatment
with both 1 and 2 as compared to the respective controls. The
secreted, R-secretase product of A�PP (sAPPR) has been shown
to protect neurons against various insults such as excitotoxic,
metabolic, and oxidative.36-38 Thus, 1 and 2, with their dual
activities against BACE1 and ADAM10, may prove highly
beneficial against AD in terms of lowering A� levels directly and
also increasing sAPPR levels, thus being neuroprotective indirectly.

Compounds 1 and 2 are constituents of Withania somnifera (L.)
Dunal (Solanaceae) and Centella asiatica Urb. (Apiaceae), respec-
tively. Both species are recommended as “Medhya-Rasayana”
(memory and intellect enhancers) in the ayurvedic traditional Indian
medicinal system.39 Various modern scientific studies support the
memory-enhancing role of W. somnifera and C. asiatica, as has
been reported.40,41 Thus, both W. somnifera and C. asiatica may
prove beneficial against AD, where memory and other cognitive
functions are severely impaired. Moreover, a crude extract of C.
asiatica has been shown to decrease A� levels in a transgenic mouse
model of AD.42 The present study, however, is the first to assess

the effects of pure active constituents of these two plants (1 and 2,
respectively) on A�PP processing pathways and the underlying
molecular mechanisms associated with the increased bias toward
non-amyloidogenic processing of A�PP.

In addition to the increased amyloidogenic processing and/or
decreased non-amyloidogenic processing of A�PP, the levels of
A� may also be increased in the AD brain due to its decreased
degradation. IDE, NEP, MMPs, plasmin, and endothelin-converting
enzymes (ECEs) are some of the major proteolytic enzymes
involved in A� degradation.43 Growing evidence suggests that
defective A� degradation may be a central causative factor in the
pathogenesis of AD. The genetic deletion or pharmacological
inhibition of the A�-degrading enzymes has been shown to elevate
A� levels in animal brains significantly.43 Furthermore, the levels
of NEP and IDE proteins are decreased in an age- and brain region-
dependent manner.43,44 Thus, modulation of one or more A�-
degrading enzymes may prove vital in the prevention and treatment
of AD. This hypothesis is supported by a recent study, whereby a
novel small-molecule inhibitor of plasminogen activator inhibitor-1
discovered by Wyeth (PAZ-417), which enhances activity of an
A�-degrading enzyme (plasmin), has been shown to significantly
lower plasma/brain A� levels and also reverses cognitive deficits

Figure 4. Effects of 1 and 2 on A�PP processing. Immunoblots
show a dose-dependent increase in the levels of C83 and sAPPR
(R-secreatase cleavage products of A�PP) in neurons treated with
1 and 2 as compared to their respective controls (0.1% and 0.01%
DMSO, respectively). Histograms corresponding to sAPPR blot
represent quantitative determinations of intensities of the relevant
bands normalized to actin. Data represent mean ( SD of three
independent experiments. The Student’s t test was used for
analyzing the differences between the two treatment groups (*, p
< 0.05 compared with respective control).

Figure 5. Dose-dependent effects of withanolide A (1) on targets
involved in A� degradation (IDE and NEP). Cortical neurons were
treated with 0, 5, 20, and 100 µM of 1 for 24 h. Immunoblots show
significant up-regulation of IDE, while NEP remained unaffected,
in neurons treated with 1 in a dose-dependent manner as compared
to controls. Histograms corresponding to IDE and NEP blots
represent quantitative determinations of intensities of the relevant
bands normalized to actin. Data represent mean ( SD of three
independent experiments. The Student’s t test was used for
analyzing the differences between the two treatment groups (*, p
< 0.05 compared with respective control).
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in transgenic mouse models of AD.45 In the present study, it was
found that 1, but not 2, significantly increased IDE levels in primary
rat cortical neurons. As indicated earlier, both 1 and 2 had no
significant effects on NEP levels. The significance of 1 in the up-
regulation in IDE levels against AD is emphasized by the fact that
overexpression of IDE by 100% decreases A� levels, plaque burden,
and associated neuronal death by more than 50%.19 Similarly, a
7-fold overexpression of NEP is associated with more than a 90%
decrease in A� levels.19

At present, the underlying mechanism by which 1 and 2 affect
the levels of BACE1, ADAM10, and IDE is unclear. The AD brain
is characterized by increased oxidative stress,46 and the enzymes
involved in A�PP processing and A� degradation (BACE1,
ADAM10, IDE, and NEP) have been shown to be dependent upon
the cellular redox state. Oxidative stress has been demonstrated to
increase the expression and activity of BACE1 in NT2 neurons
and primary rat cortical neurons, which was accompanied by a
proportional elevation of the carboxy-terminal fragments of A�PP.47,48

Furthermore, both ADAM10 promoter activity and transcription
of endogenous ADAM10 have been shown to be increased by
treatment with retinoic acid.49 Also, (-)-epigallocatechin-3-gallate
(EGCG), from green tea, has been shown to significantly increase
ADAM10 maturation.50 EGCG has also been shown to increase
the expression levels of both NEP and IDE.51 These data, taken
together with the realization that both 1 and 2 possess excellent
antioxidative and anti-inflammatory properties,52,53 may explain,
in part, their effects on BACE1, ADAM10, and IDE levels.
However, the lack of an effect of either 1 or 2 on NEP levels and
of 2 on IDE levels suggests other potentially important molecular
mechanisms underlying the observed effects of these compounds
that remain to be further elucidated. Recently, PPARγ has been
shown to regulate IDE expression levels in rat primary neurons.54

This, taken together with the current data, suggests that 1 may have
some effect on PPARγ leading to the up-regulation in IDE protein
levels. Furthermore, it remains to be seen if compounds 1 and 2
have any affect on activities of one or more of the A�-related targets
studied here. In this context, the computational docking studies that
were conducted indicate the occurrence of favorable interaction
complexes between the natural product 1 and the active sites of all
four targets, indicating its possible direct effect on the levels and
the activities of these enzymes (Figure S2, Supporting Information).

The synergistic, multitarget activity demonstrated here by 1 and
2 is in line with a recent shift in the AD drug discovery focus from
“one-target molecules” to finding “multitarget ligands”.13,55 This
type of multifunctional activity may prove advisable for any novel
therapeutic molecule to be effective in modifying the complex
pathology of AD. With this in mind, an anti-A� multitarget
therapeutic index (anti-A� MTTI) is proposed, defined simply as
the ratio of the fractional up-regulation in anti-amyloid targets to
the fractional down-regulation in pro-amyloid targets, as shown
below:

This index may serve as a potentially important criterion for
determining the effectiveness of a therapeutic molecule in modulat-
ing multiple targets that synergistically affect cerebral A� levels;
the higher the index value, the higher the anti-amyloid, multitar-
geting activity of the test compounds. With a minimum number of
targets equal to two, at least one anti-amyloid and one pro-amyloid
target, and minimum 35% up-regulation and 35% down-regulation,
respectively, for biological significance, the following evaluation
is obtained:

Thus, a minimum index value for any therapeutic molecule to have
a significant, multitarget anti-A� activity is 2.10. From the present
data, for 1 at the highest concentration of 100 µM, equation (1)
can be written as follows by using values from Figures 2 and 5:

Similarly, for 2 at the highest concentration of 10 µM, the following
is obtained:

Thus, comparing these anti-A� MTTI values for 1 and 2 (6.47 and
6.25, respectively) with the minimum index value of 2.10, both 1
and 2 seem to possess excellent multitargeted, anti-A� activities.

In summary, it has been shown for the first time that withanolide
A (1) and asiatic acid (2) positively modulate multiple targets
associated with A� pathways and, thus, may be beneficial in
attenuating A� levels in the AD brain by both decreasing A�
production (BACE1 down-regulation and ADAM10 maturation)
and increasing A� degradation (IDE up-regulation). Therapies based
on modulating secretases (BACE1 and ADAM10) will act locally
to affect A� production, while therapies based on increasing A�
degradation (IDE) may prove essential in acting at sites that are
widely separated from the A� production sites.43 This kind of
“multifunctional” and “multilevel” activity in a given therapeutic
molecule may prove highly effective against AD, providing multiple
mechanisms to alter amyloid pathology in the AD brain. Finally,
in addition to the A�-related activities established in the present
study, both 1 and 2 have been shown to induce significant
regeneration of neurites and dendrites, which may help in recon-
structing neuronal networks damaged in AD.56,57 Thus, these two
natural products may serve as lead compounds for the development
of novel therapeutic molecules with disease-modifying activities,
which are urgently needed to tackle the ill effects of a highly
complex, multifactorial disease like AD.

Experimental Section

Test Compounds. Withanolide A (1) and asiatic acid (2) were
purchased from Chromadex Incorporation (Irvine, CA). The purity of
1 and 2 was 99.3% and 93.7%, respectively.

Isolation and Culture of Primary Rat Cortical Neurons. Primary
cortical neurons were isolated from 1-day-old Sprague-Dawley rat pups
and cultured as described by Chandler et al.58 All procedures were
performed according to guidelines developed by the Institutional Animal
Care and Use Committee (IACUC) at Michigan State University. The
cells were plated on poly-D-lysine-coated, 12-well plates at a concentra-
tion of 1 × 106 cells per well in fresh cortical medium [Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA) supple-
mented with 10% horse serum (Sigma, St. Louis, MO), 25 mM glucose,
10 mM HEPES (Sigma), 2 mM glutamine (BioSource International,
Camarillo, CA), 100 IU/mL penicillin, and 0.1 mg/mL streptomycin].
The experiments were performed on 3-4-day-old neuronal cultures.
The cells were treated with 1 and 2 at different doses for 24 h.

Immunostaining of Primary Rat Cortical Neurons. To perform
the immunofluorescence microscopic study, neuronal cultures were fixed
for 20 min in 4% paraformaldehyde and then incubated for 20 min in
blocking solution (0.1% Triton X-100 and 1% bovine serum albumin
in phosphate-buffered saline, PBS). After washing 2× with PBS, cells
were labeled overnight at 4 °C with primary antibody for neurons [1:50
MAP-2 (Santa Cruz Biotechnology, Santa Cruz, CA)]. After 3× PBS
washes, primary antibodies were detected with rhodamine-conjugated
secondary antibody (Chemicon, Temecula, CA). The cells were
visualized with an inverted fluorescence microscope, Leica DM IL
(Leica Microsystems, Bannockburn, IL), using a 40× objective lens.

Western Blot Analysis. The following antibodies were used for
western blotting: anti-BACE1 (Abcam, Cambridge, MA), anti-
ADAM10 (Sigma), anti-IDE (Abcam), anti-NEP (Santa Cruz), anti-
APP, C-terminal (Sigma), anti-APP, N-terminal (22C11, Millipore),

anti-A� MTTI )
fractional up-regulation in anti-amyloid targets

fractional down-regulation in anti-amyloid targets
(1)

anti-A� MTTI ) anti-amyloid target 1 (1.35)
pro-amyloid target 1 (0.65)

) 2.10

ADAM10 (1.52) × IDE (1.77) × NEP (1.01)
BACE1 (0.42)

) 6.47

ADAM10 (2.18) × IDE (1.01) × NEP (1.05)
BACE1 (0.37)

) 6.25
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and actin (Sigma). To detect secreted protein (sAPPR), conditioned
media were collected and processed as explained earlier.59 To detect
cellular proteins, cells were washed three times with ice-cold TBS (25
mM Tris, pH 8.0, 140 mM NaCl, and 5 mM KCl) and lysed for 30
min by scraping into ice-cold radioimmunoprecipitation assay (RIPA)
buffer [1% (v/v) Nonidet P-40, 0.1% (w/v) SDS, 0.5% (w/v) deoxy-
cholate, 50 mM Tris, pH 7.2, 150 mM NaCl, 1 mM Na3VO4, and 1
mM PMSF, all from Sigma].60 The total cell lysate was obtained by
centrifugation at 12 000 rpm for 30 min at 4 °C. The total protein
concentration was measured by using a BCA protein assay kit from
Pierce (Rockford, IL). Equal amounts of total protein from each
condition were run at 200 V on 10% Tris-HCl gels (for BACE1,
ADAM10, IDE, NEP, and actin), 5% gels (for sAPPR), and 10-20%
Tris-Tricine gels (for APP-C83). The separated proteins were transferred
to polyvinylidene fluoride (PVDF) membranes (for APP-C83 detection)
and nitrocellulose membranes (for all other proteins) for 1 h at 100 V
and incubated at 4 °C overnight with the appropriate primary antibodies
[1:1000 BACE1, 1:1000 ADAM10, 1:1000 IDE, 1:1000 NEP, 1:1000
C-APP, 1:500 N-APP (22C11), and 1:2000 actin]. Blots were washed
three times in PBS-Tween (PBS-T) and incubated with appropriate
HRP-linked secondary antibodies (Pierce) diluted in PBS-T for 1 h at
room temperature. After washing three times in PBS-T, blots were
developed with the Pierce SuperSignal West Femto Maximum Sensitiv-
ity Substrate (Pierce) and imaged with the BioRad ChemiDoc. Quantity-
One software from Bio-Rad was utilized to quantify the signal
intensities of the protein bands.

Statistical Analysis. Data are shown as means ( SD for the indicated
number of experiments. The Student’s t test was used to evaluate
statistical significances between different treatment groups. Statistical
significance was set at p < 0.05.
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