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It has been argued that γ-secretase should be considered as a pharmacological target, as there are few
mechanism-based experimental and clinical studies on γ-secretase treatment. In this study, we found that
N2a cells bearing APP695 or its Swedish mutant exhibited increased basal levels of ROS, nitric oxide (NO),
protein carbonyls, MDA and intracellular calcium, as well as reduced level of the mitochondrial membrane
potential and ATP. When the activity of γ-secretase was inhibited by expression of the D385A PS1 variant,
cells (N2a/Swe.D385A) showed reduced basal levels of ROS, nitric oxide (NO), protein carbonyls, MDA and
intracellular calcium, as well as increased mitochondrial membrane potential and ATP level. In addition,
N2a/Swe.D385A cells showed reduced vulnerability to H2O2-induced apoptosis. The Bcl-2 and JNK/ERK
pathways were proven to be involved in the change of vulnerability to H2O2-induced apoptosis. Moreover, we
discovered that inhibition of γ-secretase by DAPT would lead to a reduction of ROS levels and stabilization of
mitochondrial function in APP (N2a/APP695) and APP Swedish mutant (N2a/APPswe) transfected cells. At
last, it was shown that Aβ antibody and antiserum prevented increase of ROS and reduction of mitochondrial
membrane potential in N2a/Swe.ΔE9 cells but not in N2a/Swe.D385A cells, which indicated that reduced
formation of Aβ was the reason for reduction of ROS formation and increase of mitochondrial membrane
potential when PS-1 activity was impaired in N2a/Swe.D385A cells. We concluded that neurotoxicity was
positively correlated with the activity of γ-secretase, which suggested inhibition of γ-secretase is a rational
pharmacological target for Alzheimer's disease treatment.
© 2009 Elsevier Inc. All rights reserved.
Introduction

Alzheimer's disease (AD), the most common progressive neuro-
degenerative disease, is pathologically characterized by senile plaques
(SP), intracellular neurofibrillary tangles (NFT) and neuronal death
[1-4]. The primary protein component of SP is β-amyloid peptide
(Aβ), which is derived from the amyloid precursor protein (APP)
through an initial cleavage by β-secretase followed by an intramem-
branous cut by γ-secretase. γ-secretase is a large multimeric
membrane-bound protein composed of presenilins (PS1 and PS2),
nicastrin, PEN-2 and Aph-1. Mutations in three different genes, APP
and presenilin-1 and -2 (PS1 and PS2), are known to cause early onset
familial AD (FAD) [5,6]. These mutations alter proteolytic processing
of APP resulting in an overproduction and aggregation of neurotoxic
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forms of Aβ. Aβ is now widely considered to play a central role in the
pathogenesis of AD, although it is not known whether this is direct
[7,8] or indirect [9]. In any case, the mechanisms through which Aβ
impairs neuronal function are still unknown.

Oxidative stress and mitochondrial dysfunction have been
observed in the AD brain [10-12]. The reduced energy metabolism
in AD may be due to oxidative dysfunction of some key metabolic or
mitochondrial enzymes [13-15]. It was reported that APP/PS-1 double
mutant neurons displayed a significant basal increase in reactive
oxygen species (ROS) when compared with the wild-type neurons
[16]. ROS is highly reactive with biomolecules, including proteins,
lipids, carbohydrate, DNA and RNA, which have beenwell documented
to increase in AD [17]. Furthermore, studies indicated that Aβ
oligomers could impair mitochondrial function via ROS production
and further increase ROS levels [18]. In addition to the direct effects,
oxidative stress could also stimulate additional damage in the brain
via the overexpression of inducible nitric oxide synthase (iNOS) and
the action of constitutive neuronal NOS (nNOS) that increase the
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production of nitric oxide (NOU) and its derivative (reactive nitrogen
species) [19,20]. Mitochondrion is an important reserve pool of
intracellular Ca2+. This organelle works as a regulator of intracellular
Ca2+ homeostasis. Conversely, impairment of mitochondrial function
can result in increased cytoplasmic calcium levels. Increased mito-
chondrial Ca2+ overload has been associated with the release of
proapoptotic mitochondrial proteins, leading to cell death. Studies of
experimental models of AD suggested that mitochondrial impairment
may promote dysregulation of neuronal calcium homeostasis [21].

Many oxidative stress factors have been shown to trigger apoptosis
by stimulating stress-activated protein kinases (SAPKs) such as JNK
and p38MAPK [22-24]. In AD model cells, it was shown that the APP
Swedish mutation enhanced the vulnerability to oxidative stress,
finally leading to apoptotic cell death through the activation of the
c-Jun N-terminal kinase, caspases 3 and 9 [25] and a shift in the Bcl-
xL/Bax ratio toward Bax [26]. A study indicated that Aβ-induced
apoptosis not only required oxidative stress-mediated activation of
SAPKs, but also operated through recruitment of classic apoptotic
mitochondrial regulatory proteins, such as p53 and Bcl-2 [27].

As outlined above, it seems that a myriad of factors and signaling
pathways are involved in the relationship of Aβ, oxidative stress and
mitochondrial dysfunction. However, it is still not clear whether the
oxidative stress is the cause or result of the process of Aβ plaque
formation. Recent evidence has indicated that mitochondria serve as
intracellular aggregation sites for Aβ. Although both monomers and
oligomers of Aβ are present within mitochondria [28-30], the
potential effects of Aβ on mitochondrial function are still an enigma.

More than 150 FAD-linked PS1 mutations have been identified to
date and are suggested to affect γ-secretase activity to different
extents. Several studies showed that expression of mutant PS1 or PS2
in cells led to enhanced generation of both intracellular [31] and
extracellular [32] Aβ42, while there was an article [33] showing that
presenilin clinical mutations could affect γ-secretase activity by
different mechanisms and led to a relative increase in the ratio
of the Aβ42 to Aβ40 peptides but did not increase Aβ42. Hence,
γ-secretase has been considered as a plausible molecular target as a
means to interferewith the production of Aβ. However, there has been
little research on the correlative mechanism. A recent study indicated
that moderate reduction of γ-secretase showed promise as a clinical
therapy [34]. Expression of the PS1 harboring aspartate to alanine
substitution at codon 385 (D385A) reduced the levels of secreted Aβ
peptides in mouse neuroblastoma, N2a cells [35]. In this study, we
investigated the negative effect on oxidative stress, mitochondrial
function and Ca2+ homeostasis of endogenous Aβ overproduction by
using N2a cell lines stably transfected with wild-type APP (N2a/
APP695) or Swedish mutant APP (N2a/APPswe). We also tested the
hypothesis that reduction in the level of secreted Aβ via inhibiting the
activity of γ- secretase would decrease the negative effects on
oxidative stress, mitochondrial function and Ca2+ homeostasis by
using N2a cell lines stably co-transfected with Swedish mutant forms
of APP genes and PS1 D385A mutant genes (N2a/Swe.D385A). And
then we observed that N2a/Swe.D385A cells showed reduced
vulnerability to a secondary insult, compared to cells expressing
wild type PS1 (N2a/Swe.wt) or an FAD PS1ΔE9 mutation (N2a/
Swe.ΔE9). At last, we proved that reduced formation of Aβ was the
reason for reduction of ROS formation and increase of mitochondrial
membrane potential when PS-1 activity was impaired in N2a/Swe.
D385A cells.

Materials and methods

Materials

N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-Sphenylglycinet-butyl
ester (DAPT), antibody 4G8 against Aβ, butyric acid, 2,7-dichloro-
fluorescin-diacetole (DCFH-DA), Rhodamine 123, 3-(4,5-
dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Hoechest33258 and propidium iodide (PI) were obtained from
Sigma (St. Louis, MO, USA). Anti-dinitrophnol antibodywas purchased
from Zymed Antibody Inc., USA. LDH kit was obtained from promega,
USA. NO indicator 3-Amino, 4-aminomethyl-2′, 7′-difluorescein,
diacetate (DAF-FM DA) and ATP assay kit were purchased from
Beyotime (Jiangsu, China). The assay kit for malondialdehyde (MDA)
was purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Calcium indicator Fluo3/AM was obtained from
Calbiochem, USA. Antibodies against JNK, Erk, Bax, Bcl-2and Actin
were obtained from Santa Cruz, USA.

Cell culture

Mouse neuroblastoma N2a cells and their derivative clones stably
expressing human APP695 (N2a/APP695) or human Swedish muta-
tion (K670M/N671L) APP695 (N2a/APPswe) gene, co-transfected
with human APP695 harboring the “Swedish” double mutant and
human wt PS1 or various PS1 mutants [36] were obtained from Dr.
Huaxi Xu (The Burnham Institute, SD, USA). The cells weremaintained
in 50% Dulbecco's modified Eagle's medium (DMEM), 50% OPTI-MEM
plus 5% fetal bovine serum in the presence of 200 μg/ml G418.

Measurement of intracellular ROS

To determine the intracellular ROS, N2a cells were plated at a
density of 1×105 cells/ml the day before measurement. N2a cells
were incubated with butyric acid (5 mM), DAPT (250 nM), H2O2

(50 μM), Aβ monoclonal antibody 4G8 (0.05%), or anti Aβ1-10 serum
(0.05%) for different time. Cells were rinsed with Krebs’ ringer
solution (100 mM NaCl, 2.6 mM KCl, 25 mM NaHCO3, 1.2 mM MgSO4,
1.2 mM KH2PO4 and 11 mM glucose), and 10 μMDCFH-DAwas loaded.
After incubation at 37°C in a 5% CO2 incubator for 1 h, cells were
washed five times with the same buffer and examined under a
confocal fluorescence microscope (FV500, Olympus) equipped with
an argon laser. The digital images were analyzed with Image-Pro Plus
software (ver 5.0). The average fluorescent density of intracellular
areas was measured to index the ROS level.

Determination of the mitochondrial membrane potential (Ψm)

To determine the mitochondrial membrane potential (Ψm), N2a
cells were plated the day before at a density of 1×105 cells/ml. N2a
cells were incubated with butyric acid (5 mM), DAPT (250 nM), H2O2

(50 μM), Aβ monoclonal antibody 4G8 (0.05%), or anti Aβ1-10 serum
(0.05%) for different time. Fluorescence dye Rhodamine 123 was
added to the cell culture medium at a concentration of 1 μM for
15 min. And then the cells were washed five times with Krebs’ ringer
solution (100 mM NaCl, 2.6 mM KCl, 25 mM NaHCO3, 1.2 mM MgSO4,
1.2 mM KH2PO4 and 11 mM glucose) and examined under a confocal
fluorescence microscope (FV500, Olympus) equipped with an argon
laser. The digital images were analyzed with Image-Pro Plus software
(ver 5.0). The average fluorescent density of intracellular areas was
measured to index the Ψm level.

Protein carbonyl assay

Oxidative protein modification was estimated via measurement of
protein carbonyl content by Elisa [37]. Basically, protein carbonyls
were reacted with 2, 4-dinitrophenylhydrazine (DNPH) and the
hydrazone adducts were detected with anti-DNP antibody. Oxidized
BSA containing additional carbonyls was prepared for use as a
reference by reacting (at 50 mg/ml in PBS) with hypochlorous acid
(final concentration 5 mM) for 1 h at 37°C, followed by overnight
dialysis against PBS at 4°C. For fully reduced BSA, a 0.01 g/ml natural
BSA solution in PBS was used to react with 0.02 g/ml sodium
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borohydride for 30 min, followed by neutralization with 2 M HCl and
overnight dialysis against PBS. DNPH was combined with the BSA
standards and the carbonyl content was determined colorimetrically
by measuring the absorbance at 375 nm (ɛ=22,000 M-1 cm-1) [38].
BSA standards were prepared by mixing various proportions of
oxidized or reduced BSA, giving a final concentration of 4 mg
protein/ml with a range of protein carbonyl contents. The concentra-
tion of protein samples of unknown carbonyl content was also
adjusted to 4 mg protein/ml. The samples and standards were
incubated with 3 volumes of 10 mM DNPH in 6 M guanidine-HCl and
0.5 M potassium phosphate (pH 2.5) for 45 min at room temperature
with mixing every 10-15 min. 5 μl aliquots of each reaction mixture
were mixed with 1 ml PBS and 200 μl replicates were added per well
to 96-well immunoplates. The samples were incubated overnight at
4°C. After washing with PBS, nonspecific binding sites were blocked
with 300 μl 0.1% reduced BSA in PBS for 2 h at 37°C. Wells were
incubated with anti-DNP antibody (1:1,000 dilution in 0.1% Tween
20/PBS) for 1 h at 37°C, followed by incubation with a secondary rat
anti-mouse monoclonal antibody, conjugated to horseradish perox-
idase (1:3,000 dilution in 0.1% Tween 20/PBS). An o-phenylenedia-
mine/peroxide solution (200 μl) was added to the reaction mixture
for 5 min (terminated with 100 μl of 2.5 M sulfuric acid) and read at
490 nm. The specific absorbance for each sample was calculated by
subtracting the basal absorbance of the DNP reagent from the total
absorbance.

Intracellular NO detection

The intracellular NO level ([NO]i) was measured using a NO-
sensitive fluorescence probe DAF-FM DA by confocal microscopy as
described previously [39]. Briefly, cells were loaded with DAF-FM DA
(10 μM) at 37°C for 30 min in Krebs’ ringer solution (100 mM NaCl,
2.6 mM KCl, 25 mM NaHCO3, 1.2 mM MgSO4, 1.2 mM KH2PO4 and
11 mM glucose). Then cells were gently washed three times and
incubated for another 30 min to ensure complete cleavage of DAF-FM
DA by the intracellular ester enzyme to release the NO-sensitive probe
(DAF-FM). Fluorescence was detected with a laser scanning confocal
microscope (FV 500, Olympus, Japan). The digital imageswere analyzed
with Image-Pro Plus software (ver 5.0). The average fluorescent density
of intracellular areas was measured to index the NO level.

MDA Determination

MDA, a compound that is produced during lipid peroxidation, was
determined by thiobarbituric acid (TBA) test as described in [40]. MDA
was reacted with thiobarbituric acid (TBA,) forming MDA-(TBA)2, a
red-colored adduct withmaximum absorbance at 532 nm.MDA in cell
homogenate was measured and calculated according to manufac-
turer's protocol of MDA assay kit.

Determination of ATP Levels with a Bioluminescence Assay

The level of ATP in N2a cell lines was determined using the ATP
Bioluminescence Assay Kit. Briefly, harvested cultured cells were lysed
with a lysis buffer, followed by centrifugation at 10,000 ×g for 2 min
at 4°C. Finally, the level of ATP was determined by mixing 50 μl of the
supernatant with 50 μl of luciferase reagent, which catalyzed the light
production from ATP and luciferin. The emitted light was linearly
related to the ATP concentration and measured using a microplate
luminometer.

Detection of intracellular calcium

The [Ca2+]i in cells was measured using the indicator Fluo3/AM.
Fluo3/AM was solubilized in DMSO. Briefly, cells were loaded with
5 μM Fluo3/AM in HBSS (145 mM NaCl, 2.5 mM KCl, 1 mM MgCl2,
20 mM HEPES, 10 mM glucose and 1.8 mM CaCl2) at 37°C for 30 min.
After washed three times, cells were incubated for another 30 min to
ensure complete cleavage of Fluo3/AM by intracellular ester enzyme
to release calcium-sensitive probe (Fluo-3). The fluorescent dye was
excited at 488 nm, and the changes in fluorescence were monitored
using a confocal microscope (FV 500, Olympus, Japan).

LDH Determination

The release of lactate dehydrogenase (LDH) is a marker of cell
membrane integrity. LDH release into the cultured medium was
detected using a colorimetric reaction reading of absorbance at
490 nm according to manufacturer's protocol of LDH assay kit.

Cell viability

Cell viability was determined by the MTT reduction assay method.
The N2a cells were cultured with different concentrations of H2O2 for
24 h in 96-well plates. MTT was added to each well with a final
concentration of 1.0 mg/ml and the samples were incubated for 1 h in
a CO2 incubator. After 4 h incubation at 37°C, the MTT solution was
removed and the insoluble formazane crystal was dissolved in DMSO.
The absorbance at 570 nm was measured using a microplate reader.

Morphological analysis of apoptosis

To visualize the nuclear morphology and chromatin condensation
with a confocal microscope, cells were incubated with H2O2 (50 μM)
in an atmosphere with 5% CO2 at 37°C for 24 h. Cells were stained with
50 μg/ml Hoechst 33258 and 50 μg/ml propidium iodide. The nuclear
morphology and chromatin condensation were observed by confocal
microscopy. Apoptotic cells showed blue nuclear condensation and
fragmentation, while necrotic cells showed red fluorescence as
stained by propidium iodide. The fractions of apoptotic and necrotic
cells were determined relative to total cells. At least 200 cells were
counted in each experiment.

Western blot

About 1×107 N2a cells were collected each time. Cell lysates were
prepared in 500 μl RIPA buffer containing 50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 0.5% Nonidet P-40 and 1 mM each of EDTA, EGTA,
phenylmethyslysulfonyl fluoride and Na3VO4, and 10 μg/ml each of
the protease inhibitors leupeptin, aprotinin and pepstatin followed by
sonication for 10 s on ice. The lysates were then centrifuged at
10,000 rpm for 10 min at 4°C. The protein content of the supernatants
was determined using the Bio-Rad protein assay reagent (bicincho-
ninic acid). Then the samples were mixed with 4 ×sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
(60 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 10% β-mercaptoethanol and
0.005% bromophenol blue) and boiled for 5 min at 100°C. The
supernatants used for immunoblotting proteins were separated by
10% SDS-PAGE and were electrotransferred onto nitrocellulose
membrane (pore size 0.45 μm). Immunoblots were analyzed using
specific primary antibodies against specific proteins. After incubation
with alkaline phosphatase-conjugated secondary antibodies, proteins
were visualized by development using Sigma fast tablets (BCIP/NBT
substrate). The bands on the membrane were scanned and analyzed
using the Pro-Plus imaging software (Ver 5.0).

Aβ measurement

The Aβ production of the supernatants was measured by
trichloroacetic acid (TCA) precipitation [41] and Tris-Tricine SDS-
PAGE. Briefly, culture medium without serum was collected, treated
with protease inhibitors (1 μg/ml pepstatin, 10 μg/ml leupeptin and
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1 mM phenylmethylsulfonyl fluoride) and BSA (0.1%). Supernatants
were mixed with equal volumes of 20% TCA. After 30 min at 4°C,
the samples were centrifuged at 18000 ×g for 15 min at 4°C. The
supernatants were removed and the pellets were washed with ice-
cold acetone. After centrifugation at 10000 ×g for 5 min at 4°C, the
pellets were dried and dissolved with RIPA buffer containing 50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40 and 1 mM each of
EDTA, EGTA, phenylmethyslysulfonyl fluoride and Na3VO4. Then the
Aβ content was assessed by Tris-Tricine SDS-PAGE as described
previously [35,42].

Results

Basal levels of ROS, protein carbonyls, [NO]i and MDA were increased
in N2a/APP695 and N2a/APPswe cells

The levels of NO, ROS, protein carbonyls andMDA are four essential
parameters of oxidative stress [17]. Thus, we measured the intracel-
lular NO, ROS, protein carbonyl and MDA levels in our cell models.
N2a/APP695 and N2a/APPswe cells showed increased production of
Fig. 1. Overexpression of wild type and Swedish mutant APP-induced oxidative stress, m
measured byWestern blot analysis, and extracellular Aβwasmeasured by TCA precipitation i
N2a/APPswe cells showed increased intracellular ROS accumulation (ANOVA: ⁎⁎, pb0.005; ⁎
APPswe cells compared with control (con) cells (ANOVA: ⁎⁎, pb0.005; ⁎pb0.05 versus contr
NO levels compared to control cells (ANOVA: ⁎⁎, pb0.005; ⁎⁎⁎, pb0.001 versus control cells
method. Increase of MDA in N2a/APPwt and N2a/APPswe cells compared with control (con)
potential (Ψm) was significantly decreased in N2a/APP695 and N2a/APPswe cells compared
levels in N2a/APP695 andN2a/APPswe cells were significantly decreased compared to those
calcium concentration in N2a/APP695 and N2a/APPswe cells compared with control cells w
Aβ (Fig. 1a). To study the possible role of endogenous Aβ in regulating
oxidative stress, we first compared the profile of intracellular ROS,
protein carbonyls and [NO]i in N2a/APP695 cells and N2a/APPswe
cells with wild-type N2a cells. The results indicated that the levels of
ROS (Fig. 1b), protein carbonyls (Fig. 1c) and [NO]i (Fig. 1d) were
significantly enhanced in the following order: control cellsb N2a/
APP695b N2a/APPswe. Oxidative stress arised in our transgenic cells
was accompanied by increased lipid peroxides. As shown in Fig. 1e,
intracellular malondialdehyde (MDA), a product of lipid peroxidation,
was increased by 81% in N2a/APP695 and by 112% in N2a/APPswe
cells (Pb0.005 vs. control, respectively). Consistent with our results,
previous studies have shown that intracellular ROS is elevated in APP/
PS1 double mutant neurons [16]. Moreover, protein carbonyls were
found to increase in vulnerable regions of the AD brain [43], ADmodel
mice [44] and model cells [16].

Endogenous Aβ led to mitochondrial damage and increased [Ca2+]i

Ψm is a very importantmarker for the function of mitochondria. Aβ
treatment of PC12 cells has been shown to lead to a significant
itochondrial damage and calcium dysfunction. (a) The expression profile of APP was
n N2a/wt (con), N2a/APP695 and N2a/APPswe cells, respectively; (b) N2a/APP695 and
pb0.05 versus control cells); (c) Increase in protein carbonyls in N2a/APPwt and N2a/
ol cells); (d) N2a/APP695 and N2a/APPswe cells exhibited a significant increase of basal
; (e) Level of malondialdehyde (MDA) was assayed according to the thiobarbituric acid
cells (ANOVA: ⁎⁎, pb0.005 versus control N2a cells); (f) The mitochondrial membrane
with control cells (ANOVA: ⁎⁎, pb0.005, ⁎⁎⁎, pb0.001 versus control N2a cells); (g) ATP
in control cells (ANOVA: ⁎⁎, pb0.005 versus control N2a cells; (h) Increased intracellular
as observed by confocal microscopy.
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decrease in Ψm [26]. Indeed, there is evidence that over-expression of
APP and its Swedish mutation result in impaired Ψm in HCN-1A
neuronal cells [28] and PC12 cells [26].

To investigate whether endogenous Aβ was deleterious to the
function of mitochondria in our model cells, we compared the Aβ
model cells with wild type ones. As expected, N2a/APP695 and N2a/
APPswe cells showed an obvious reduction in Ψm (Fig. 1f).
Mitochondria are the major source of ATP. The level of ATP was
determined in N2a/wt, N2a/APP695, and N2a/APPswe cells. The
results indicated that the level of ATP in N2a/APP695 and N2a/
APPswe cells was significantly decreased compared with those in
N2a/wt cells (Pb0.005 vs. control) (Fig. 1g). Excessive elevation of
[Ca2+]i is a major factor leading to apoptosis in many cell types.
Degenerating neurons in the brains of AD patients showed increased
levels of calcium [45,46]. Calcium dysregulation in AD also affects APP
processing, endoplasmic reticulum (ER) dysfunction, and mitochon-
drial changes [47]. Here, N2a/wt, N2a/APP695, and N2a/APPswe cells
were used to study the calcium dysregulation by measuring the level
Fig. 2. Inhibition of γ-secretase by expressing PS1 D385A mutant protected cells from oxidat
and APP C-terminal fragments were measured byWestern blot analysis, and extracellular Aβ
cells. Compared to N2a/Swe.wt and N2a/Swe.ΔE9 cells, N2a/Swe.D385A cells showed h
undetectable; (b) N2a/Swe.D385A cells showed reduced intracellular ROS accumulation
Swe.ΔE9; ⁎pb0.05 versus N2a/Swe.wt cells; (c) Reduced protein carbonyls in N2a/Swe.D
pb0.005 versus N2a/Swe.ΔE9; ⁎pb0.05 versus N2a/Swe.wt cells); (d) N2a/Swe.D385A ce
Swe.ΔE9 cells (ANOVA: ⁎⁎, pb0.005 versus N2a/Swe.wt cells; ⁎⁎⁎, pb0.001 versus N2a/Sw
Swe.wt and N2a/Swe.ΔE9 cells (⁎⁎, pb0.005 versus N2a/Swe.wt cells; ⁎⁎⁎, pb0.001 vers
increased in N2a/Swe.D385A cells compared with N2a/Swe.wt and N2a/Swe.ΔE9 cells (ANO
displayed increased ATP level compared with N2a/Swe.wt and N2a/Swe.ΔE9 cells (ANOV
intracellular calcium concentration in N2a/Swe.D385A cells compared with that in N2a/Sw
of [Ca2+]i. The results indicated that N2a/APP695, especially N2a/
APPswe cells, showed higher intracellular fluorescence intensity,
which demonstrated that [Ca2+]i was significantly higher than in
control cells (Fig. 1h).

N2a/Swe.D385A cells showed decreased basal levels of ROS, protein
carbonyls, [NO]i, and MDA

Asp-385 is required for presenilin 1 and γ-secretase activity.
The loss-of-function PS1 mutant (D385A) leads to a deficiency in
γ-secretase activity, while the FAD PS1 mutant (ΔE9) increases the
activity of γ-secretase. Compared to N2a/Swe.ΔE9 and N2a/Swe.wt
cells, N2a/Swe.D385A cells reduced Aβ secretion, and also increased
the amount of holo-APP and the production of CTFs (Fig. 2A). In order
to further demonstrate that oxidative stress is due to the increased
endogenous Aβ but not due to the overexpression of APP and PS1,
we compared the basal levels of [NO]i, ROS and protein carbonyls in
N2a/Swe.ΔE9, N2a/Swe.wt and N2a/Swe.D385A cells. We found that
ive stress, mitochondrial damage and calcium dysfunction. (a) Expression profile of APP
was measured by TCA precipitation in N2a/Swe.D385A, N2a/Swe.wt and N2a/Swe.ΔE9
igher levels of full length APP and C-terminal fragments, but the secreted Aβ was
compared to N2a/Swe.wt and N2a/Swe.ΔE9 cells (ANOVA: ⁎⁎ pb0.005 versus N2a/
385A cells compared with those in N2a/Swe.wt and N2a/Swe.ΔE9 cells (ANOVA: ⁎⁎
lls exhibited significantly reduced basal NO levels compared to N2a/Swe.wt and N2a/
e.ΔE9); (e) N2a/Swe.D385A cells displayed decreased MDA level compared with N2a/
us N2a/Swe.ΔE9); (f) The mitochondrial membrane potential (Ψm) was significantly
VA: ⁎⁎, pb0.005, versus N2a/Swe.wt and N2a/Swe.ΔE9 cells); (g) N2a/Swe.D385A cells
A: ⁎⁎ pb0.005 versus N2a/Swe.ΔE9; ⁎pb0.05 versus N2a/Swe.wt cells); (h) Reduced
e.wt and N2a/Swe.ΔE9 cells was observed by confocal microscopy.
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in all cases, the levels of ROS (Fig. 2b), protein carbonyls (Fig. 2c) and
[NO]i (Fig. 2d) were in the following order: N2a/Swe.D385AbN2a/
Swe.wt bN2a/Swe.ΔE9. Besides, N2a/Swe.D385Acells showed obvious
reduction of MDA level compared to N2a/Swe.wt, and N2a/Swe.ΔE9
cells (Fig. 2e). Together, these results suggested that the increased
Fig. 3. LDH leakage, MTT reduction assay, ROS andmitochondrial membrane potential (Ψm)w
genotypes. (a) LDH release in N2a cells pretreated 24 h with H2O2 at concentrations of 50
preparations (ANOVA: ⁎, pb0.05 and ⁎⁎, pb0.005 versus N2a/wt cells, left panel; ⁎, pb0.05
viability was measured by MTT reduction assay after treatment with H2O2 for 24 h at con
independent preparations (ANOVA: ⁎, pb0.05 and ⁎⁎, pb0.005 versus N2a/wt cells, left pa
increased in N2a/APP695 and N2a/APPswe (ANOVA: ⁎⁎, pb0.005 versus control cells, left p
Swe.ΔE9 cells (ANOVA: ⁎⁎, pb0.005 versus N2a/Swe.wt cells; ⁎⁎⁎, pb0.001 versus N2a/Swe
(ANOVA: ⁎⁎, pb0.005 versus control cells, left panel) but significantly reduced in N2a/Swe.D
Swe.wt cells; ⁎⁎⁎, pb0.005 versus N2a/Swe.ΔE9 cells, right panel).
production of NO, ROS, protein carbonyls, and MDA in N2a/Swe.wt
and N2a/Swe.ΔE9 cells were triggered by the production and
accumulation of Aβ, and, impaired production of endogenous Aβ by
the loss of PS1 function in the γ-cleavage of APP in N2a/Swe.D385A
cells weakened the oxidative stress.
ere used to evaluate the effect of secondary insult of oxidative stress on cells of different
μm and 100 μm. Results were shown as mean±SEM obtained from five independent
, ⁎⁎, pb0.005⁎⁎, and ⁎⁎⁎, pb0.001 versus N2a/Swe.D385A cells, right panel); (b) Cell
centrations of 50 μm and 100 μm. Results shown are mean±SEM obtained from five
nel; ⁎⁎, pb0.005 versus N2a/Swe.D385A cells, right panel); (c) ROS was significantly
anel) but significantly reduced in N2a/Swe.D385A compared to N2a/Swe.wt and N2a/
.ΔE9, right panel); (d)Ψmwas significantly increased in N2a/APP695 and N2a/APPswe
385A compared to N2a/Swe.wt and N2a/Swe.ΔE9 cells (ANOVA: ⁎, pb0.05 versus N2a/



Fig. 4.H2O2-induced DNA fragmentation as determined by Hoechst PI staining. The arrowheads indicate the apoptotic bodies. Model cells were as follows: (a) N2a/wt; (b) N2a/wt+
H2O2; (c) N2a/APP695; (d) N2a/APP695 H2O2; (e) N2a/APPswe (f) N2a/APPswe H2O2; (g) N2a/Swe.D385A; (h) N2a/Swe.D385A +H2O2; (i) N2a/Swe.wt; (j) N2a/Swe.wt+H2O2;
(k) N2a/Swe.ΔE9; (l) N2a/Swe.ΔE9+H2O2.
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N2a/Swe.D385A cells showed reversed mitochondrial damage and
calcium dysfunction

A number of recent studies have indicated that mitochondria
might be an important target of Aβ. Based on the observation above of
oxidative stress, we supposed that when the production of Aβ was
reduced in N2a/Swe.D385A cells, mitochondrial damage and calcium
dysfunction would be lessened. To validate our hypothesis, we
detected Ψm using fluorescence dye rhodamine123, ATP using
bioluminescence assay, and [Ca2+]i using fluo3/AM. As shown in
Fig. 2f, N2a/Swe.D385A cells showed significantly higher Ψm than
N2a/Swe.wt and N2a/Swe.ΔE9 cells. The mitochondrial function was
resumed in N2a/Swe.D385A cells shown by increased level of ATP. The
results indicated that the levels of ATP in N2a/Swe.wt, and, especially
in N2a/Swe.ΔE9 cells, were significantly decreased compared with
those in N2a/Swe.D385A cells (Fig. 2g). At the same time, it was
shown that N2a/Swe.D385A cells displayed significantly lower [Ca2+]i
than N2a/Swe.wt and N2a/Swe.ΔE9 cells.

N2a/Swe.D385A cells showed reduced sensitivity to oxidative stress

Oxidative stress was observed in the AD brain. Oxidative stress
occurs due to an imbalance in the prooxidant and antioxidant levels
[48]. Increased production of ROS and free radicals might be involved
in the pathology of AD. Thus, we investigated the effect of a secondary
insult in the presence of an oxidative damage agent, hydrogen
peroxide. Firstly, the integrity of cell membrane was determined by
the release of LDH after 24 h exposure to 50 μM or 100 μM H2O2. As
shown in Fig. 3a, after 24 h exposure to 50 μM or 100 μM H2O2, the
N2a/APP695 and N2a/APPswe cells displayed markedly increased
Fig. 5. (a) Changes in levels of P-JNK, P-ERK1/2, Bax and Bcl-2 after secondary insult of oxid
APPswe cells exhibited significantly enhanced protein expression levels of JNK activation
⁎pb0.05 versus control cells); (c) The phosphorylation of ERK1/2 was reduced in N2a/APP6
significant change in phosphorylation of ERK1/2 in N2a/APP695, especially in N2a/APPswe
reduced shift in the Bcl-2 /Bax ratio in N2a/APP695 and N2a/APPswe cells after exposure to h
pb 0.001 versus control cells in 6 h).
LDH leakage into the medium compared to control ones, while N2a/
Swe.D385A cells showed reduced LDH efflux compared to N2a/Swe.
wt and N2a/Swe.ΔE9 ones. Secondly, cell viability was evaluated by
MTT after 24 h exposure to 50 μM or 100 μM H2O2. The N2a/APP695
and N2a/APPswe cells showed increased vulnerability compared to
the control ones, while N2a/Swe.D385A cells showed reduced
vulnerability compared to N2a/Swe.wt and N2a/Swe.ΔE9 ones
(Fig. 3b). Then, after exposure to hydrogenperoxide, the ROS elevation
was more pronounced in N2a/APP695 and N2a/APPswe cells
compared to control ones, while N2a/Swe.D385A cells showed greater
endurance to ROS elevation induced by hydrogen peroxide compared
with N2a/Swe.wt and N2a/Swe.ΔE9 cells (Fig. 3c). Moreover, N2a/
APP695 and N2a/APPswe cells showed a significantly decreased Ψm

after exposure to hydrogen peroxide in comparison with control N2a
cells. And N2a/Swe.D385A cells showed less reduction ofΨm than did
the N2a/Swe.wt and N2a/Swe.ΔE9 cells (Fig. 3d).

Reduced vulnerability of N2a/Swe.D385A cells to H2O2 induced
apoptosis

Using equal concentrations of H2O2, we investigated the
apoptosis of different cell lines in response to oxidative stress. We
examined apoptotic bodies by Hochest33258 and PI staining. After
24 h incubation with 50 μM H2O2, a significant proportion of the
N2a/APP695 and N2a/APPswe cells had condensed and their nuclei
had fragmented; these cells were stained more brightly than the
control ones. For doubly transfected cells, N2a/Swe.ΔE9 cells
showed the highest apoptotic and necrotic portion, and N2a/Swe.
D385A cells displayed the lowest apoptotic and necrotic portion
(Fig. 4).
ative stress in N2a/wt, N2a/APP695 and N2a/APPswe cells; (b) N2a/APP695 and N2a/
compared with control cells with or without H2O2 treatment (ANOVA: ⁎⁎, pb0.005;
95 and N2a/APPswe cells (⁎⁎, pb0.005; ⁎pb0.05 versus control cells), but there was a
cells compared to wild type cells after H2O2 treatment; (d) We observed a significantly
ydrogen peroxide (ANOVA: ##, pb0.005 versus control cells in 3 h; ΔΔ, pb0.005; ΔΔΔ,
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Reduced activation of JNK and ERK pathways in N2a/Swe.D385A cells

Reactive oxygen species have been indicated to induce the
activation of mitogen-activated protein kinases, including JNK, P38
and ERK. The JNK and P38 activation was observed to localize to
amyloid deposits in AD model mice [49]. ERK activation was reported
in hippocampal slices after treatment with soluble Aβ1-42 [50],
though it was not found in AD model mice. Hence, we addressed the
question of whether inhibiting abnormal γ-cleavage of APP could
modulate MAPK family-involved apoptotic cell death in N2a cells.
Interestingly, the endogenous JNK activity both at the basal state and
in the H2O2-stimulated state was higher in N2a/APP695 and N2a/
APPswe cells than that in control ones (Fig. 5a), while N2a/Swe.
D385A cells reversed this elevation of JNK activity compared to N2a/
Swe.wt and N2a/Swe.ΔE9 cells (Fig. 6a). Then we examined the
activity of ERK. Surprisingly, we found the basal activity of ERK was
significantly decreased in N2a/APP695 and N2a/APPswe cells
compared to N2a/wt ones (Fig. 5a), and in N2a/Swe.D385A cells
compared to N2a/Swe.wt and N2a/Swe.ΔE9 cells (Fig. 6a). After 3 h
and 6 h treatment with 50 μM H2O2, a pathologic model of N2a cells
showed an obviously increased phosphorylated level of ERK (Fig. 5a)
(Fig. 6a), while the control (Fig. 5a) and N2a/Swe.D385A cells were
only slightly influenced (Fig. 6a).

The impact of inhibiting γ-secretase abnormal cleavage of APP on Bcl-2
and Bax

Having established the mitochondrial damage during the process
of H2O2-induced apoptosis, we set out to find whether there was any
distinction between the effect of hydrogen peroxide on the pro-
apoptotic and anti-apoptotic pathway. By western blot analysis, we
monitored the protein expression of Bax (a pro-apoptotic member)
Fig. 6. (a) Changes in levels of P-JNK, P-ERK1/2, Bax and Bcl-2 after secondary insult of oxid
and N2a/Swe.ΔE9 cells exhibited significantly enhanced protein expression levels of JN
(ANOVA: ⁎⁎, pb0.005; ⁎pb0.05 versus control cells); (c) The phosphorylation of ERK1/2 w
Swe.D385A cells), but there was a significant change in phosphorylation of ERK1/2 in N2a/
treatment; (d) We observed a significantly reduced shift in the Bcl-2 /Bax ratio in N2a/Swe
versus N2a/Swe.D385A cells in 3 h; ΔΔ, pb0.005; ΔΔΔ, pb 0.001 versus N2a/Swe.D385A ce
and Bcl-2 (an anti-apoptotic member) following treatment of N2a cells
by hydrogen peroxide. After 6 h of treatment with hydrogen peroxide,
we found a reduced amount of the cytosolic anti-apoptotic protein
Bcl-2 in N2a/APP695 cells and especially in N2a/APPswe cells (Fig. 5a).
As far as doubly transfected cells were concerned, N2a/Swe.wt cells,
and especially N2a/Swe.ΔE9 cells, showed significantly reduced levels
of Bcl-2, whereas N2a/Swe.D385A cells showed only a minor change
(Fig. 6a). Negligible changes in Bax protein content were observed in
all of the cell lines (Figs. 5a and 6a). Thus, the Bcl-2/Bax ratio was
obviously decreased in pathological cell models (Figs. 5d and 6d), but
not in N2a/wt and N2a/Swe.D385A cells (Fig. 6d). All the above
apoptosis studies suggest that, in the presence of an oxidative damage-
inducing agent, inhibition of abnormal cleavage of APP by γ-secretase
helped to resist apoptosis.

Aβ level positively correlated with ROS levels and mitochondrial damage

Having demonstrated a significant increase in ROS and
mitochondrial damage with endogenous Aβ, we postulated that
the production of ROS and mitochondrial damage is positively
correlated with the Aβ level. To test this idea, we treated N2a/
APP695 and N2a/APPswe cells for 24 h with a low concentration
of butyric acid [51] to induce overexpression of the transfected
genes. As shown in Fig. 7b, the ROS level increased after the
treatment, concomitantly with increased APP and Aβ levels
(Fig.7a). At the same time, the levels of Ψm and ATP were
detected. After treatment with butyric acid, both N2a/APP695 and
N2a/APPswe cells showed a significant reduction of Ψm (fig.7c)
and ATP (fig.7d) which showed the dose-dependent effects of Aβ
on cellular damage. To further demonstrate the deleterious effect
of endogenous Aβ, N2a/APP695 and N2a/APPswe cells were
treated with DAPT, a functional γ-secretase inhibitor that reduces
ative stress in N2a/Swe.D385A, N2a/Swe.wt and N2a/Swe.ΔE9 cells; (b) N2a/Swe.wt
K activation compared with N2a/Swe.D385A cells with or without H2O2 treatment
as reduced in N2a/Swe.wt and N2a/Swe.ΔE9 cells (⁎⁎, pb0.005; ⁎pb0.05 versus N2a/
Swe.wt, especially in N2a/Swe.ΔE9 cells compared to N2a/Swe.D385A cells after H2O2

.wt and N2a/Swe.ΔE9 cells after exposure to hydrogen peroxide (ANOVA: ##, pb0.005
lls in 6 h).



Fig. 7. Neurotoxicity was positively correlated with Aβ level, and the γ-secretase inhibitor DAPT reduced ROS levels and restored mitochondrial activity. (a) N2a/APP695 and N2a/
APPswe cells were incubated in the presence or absence of 5mM butyric acid (BA) for 24 h to induce APP expression and Aβ secretion. Levels of Aβwere quantified and normalized to
those of N2a/APP 695 cells without BA treatment ( AVOVA: ⁎⁎ pb0.005 versus untreated N2a/APP695 cells; ##, pb0.005 versus untreated N2a/APPswe cells ); (b) The ROS level was
significantly increased in both N2a/APP695 (AVOVA: ⁎⁎ pb0.005 versus untreated N2a/APP695 cells) and N2a/APPswe cells (AVOVA: ##, pb0.005 versus untreated N2a/APPswe
cells) after treatment with BA; (c) Ψm was significantly reduced in both N2a/APP695 (AVOVA: ⁎, pb0.05 versus untreated N2a/APP695 cells) and N2a/APPswe cells (AVOVA: #,
pb0.005 versus untreated N2a/APPswe cells) after treatment with BA; (d) ATP level was significantly reduced in both N2a/APP695 (AVOVA: ⁎⁎, pb0.005 versus untreated N2a/
APP695 cells) and N2a/APPswe cells (AVOVA: ##, pb0.005 versus untreated N2a/APPswe cells) after treatment with BA; (e) N2a/APP695 and N2a/APPswe cells were incubated in
the presence of 250 nm DAPT. β-CTF and Aβwere detected. Aβ level was densitometrically analyzed (AVOVA: ⁎⁎⁎ pb0.001 versus untreated N2a/APP695 cells; ###, pb0.001 versus
untreatedN2a/APPswe cells); (f) The ROS levelwas significantly reduced in bothN2a/APP695 (AVOVA: ⁎ pb0.05 versus untreatedN2a/APP695 cells ) andN2a/APPswe cells (AVOVA:
#, pb0.05 versus untreated N2a/APPswe cells) after treatment with DAPT; (g)Ψmwas significantly increased in both N2a/APP695 (AVOVA: ⁎ pb0.05 versus untreated N2a/APP695
cells) and N2a/APPswe cells (AVOVA: #, pb0.05 versus untreated N2a/APPswe cells) after treatment with DAPT; (h) ATP level was significantly increased in both N2a/APP695
(AVOVA: ⁎⁎, pb0.005 versus untreated N2a/APP695 cells) and N2a/APPswe cells (AVOVA: ##, pb0.005 versus untreated N2a/APPswe cells) after treatment with DAPT.
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intracellular Aβ. An obvious increase of βCTF and reduction of
secreted Aβ was detected by TCA precipitation after 24 h
treatment of DAPT (Fig. 7e). DAPT led to a significantly reduced
ROS level (Fig. 7f) as well as a strongly increased Ψm in both N2a/
APP695 and N2a/APPswe cells (Fig. 7 g). Moreover, N2a/APP695
and N2a/APPswe cells showed increased level of ATP after
treatment with DAPT (Fig. 7h). Thus, we proved that inhibition
of Aβ by exogenous γ-secretase inhibitor led to a decrease in ROS
level and a stabilization of mitochondrial function, which
coincided with the endogenous gene mutant results.
Effects of anti Aβ antibodies on ROS and Ψm in N2a/Swe.ΔE9 cells

N2a/Swe.D385A cells secreted little Aβ, while N2a/Swe.ΔE9 cells
secreted abundant Aβ. To verify if Aβ was the cause of cell damage in
N2a pathologically model cells, 0.05% Aβ monoclonal antibody 4G8
and anti Aβ serum were added into the culture medium of N2a/Swe.
D385A cells and N2a/Swe.ΔE9 cells independently. 24 hours after the
treatment, the levels of ROS and Ψm were determined. The results
showed that both Aβ antibody 4G8 and anti Aβ serum decreased the
level of ROS in N2a/Swe.ΔE9 cells (Fig. 8a), while not in N2a/Swe.



Fig. 8. Aβ antibody and antiserum prevented increase of ROS and reduction of mitochondrial membrane potential in N2a/Swe. ΔE9 cells but not in N2a/Swe.D385A cells. (a) ROSwas
significantly reduced in N2a/Swe.ΔE9 cells after treatment with Aβ monoclonal antibody 4G8 and Aβ antiserum (ANOVA: ⁎⁎, pb0.005); (b) ROS nearly kept constant in N2a/Swe.
D385A after treatment with Aβ antibody 4G8 and Aβ antiserum; (c)Ψmwas significantly increased in N2a/Swe.ΔE9 cells after treatment with Aβmonoclonal antibody 4G8 and Aβ
antiserum (ANOVA: ⁎⁎, pb0.005); (d) Ψm was nearly kept constant in N2a/Swe.D385A after treatment with Aβ antibody 4G8 and Aβ antiserum.
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D385A cells (Fig. 8b). Correspondingly, N2a/Swe.ΔE9 cells showed a
markedly increasedΨm after treatment with the Aβ antibody 4G8 and
anti Aβ serum (Fig. 8c), while the level of Ψm kept almost constant
after 4G8 and anti Aβ serum treatment in N2a/Swe.D385A cells
(Fig. 8d). It demonstrated that cell damage in N2a/Swe.ΔE9 was
mainly caused by Aβ overproduction. And reduced production of Aβ
was the reason for the reduction of ROS formation and increase ofΨm

in N2a/Swe. D385A cells.

Discussion

The overproduction and accumulation of Aβ-peptide in the brain
has been considered as the central pathological event in AD. Genetic
mutations in genes for APP, presenilin-1 or presenilin-2 have been
reported to increase the production of Aβ42 and lead to early onset of
AD [52]. Many therapeutic strategies have been proposed based on Aβ
biology [53]. Several studies showed that β- and γ-secretase is a
promising pharmacological target as a means to interfere with the
production of Aβ. Many γ-secretase inhibitors have been tested in
laboratories or clinical experiments [54,55]. However, strong inhibition
of γ-secretase leads to severe adverse effects, as it interferes with
signaling by notch proteins and other cell surface receptors [56]. Thus, it
has been debated whether using γ-secretase inhibitor to treat AD is
secure enough. A recent study concluded that a γ-secretase reduction of
30% was sufficient to attenuate Aβ deposition with little or no adverse
side effects, suggesting the existence of an optimal window of
therapeutic γ-secretase inhibition [34]. It was reported that expression
of PS1 harboring alanine substitutions of highly conserved aspartate
residue at position 385 in Chinese hamster ovary cells [57] or N2a cells
[36] led to reduced Aβ secretion and accumulation of APP CTFs.
Intrigued with this observation, our research objective was to explore
the feasibility of γ-secretase inhibition. In this report, we offered several
important insights into the changes induced by the PS1 D385A variant
on oxidative stress, mitochondrial damage and apoptosis.
Oxidative stress and mitochondrial damage are known to occur in
the AD brain. Our data showed that N2a/APP695 and N2a/APPswe
cells exhibited increased basal levels of NO, ROS, protein carbonyls and
MDA, which play important roles in Aβ-induced neurotoxicity and cell
death. Previous study showed that increased oxidative damagewas an
early event in AD, and increases in Aβ depositionwere associated with
decreased oxidative damage. They suggested that AD was associated
with compensatory changes that reduced damage from reactive
oxygen [58]. This result didn’t deny the positive correlation between
Aβ production and oxidative stress. It is widely believed that soluble
Aβ oligomers (Aβ-derived diffusible ligands, ADDLs) are more toxic
than insoluble Aβ polymers [59]. Aβ deposition transforms soluble Aβ
oligomers into insoluble precipitate of Aβ polymers. Therefore, Aβ
deposition could be a compensatory response to toxic effects,
including oxidative stress, induced by overproduced soluble Aβ
oligomers. Increased oxidative stress was consistent with the
observation that the sensitivities to oxidative stress induced by H2O2

in N2a/APP695, especially in N2a/APPswe cells, were significantly
promoted compared with control cells. Oxidative stress also plays a
key role in the Aβ-mediated neurotoxicity. It was reported that H2O2

participated in mediating Aβ toxicity [60] and Aβ could directly
produce H2O2 through metal ion reduction [61]. These results
enhanced our understanding of Аβ central pathology. We also
investigated the effects on oxidative stress and mitochondrial damage
of reduced production of Aβ by inhibiting γ-secretase. When cells
were co-transfected with Swedish mutant APP and PS1 dominant
negative mutant (PS1D385A), no secreted Aβ was detected by TCA
precipitation. Compared to N2a/Swe.wt and N2a/Swe.ΔE9 cells, N2a/
Swe.D385A cells showed reduced neurotoxicity, including levels of
NO, ROS, protein carbonyls and mitochondrial dysfunction. Moreover,
when treated with a secondary insult (H2O2), N2a/Swe.D385A cells
displayed stronger resistance and could better maintain cellular
function. The results of this study supported the hypothesis that there
was a reduced basal neurotoxicity and sensibility to oxidative stress
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when PS1 activity was inhibited. Oxidative stress and Aβ production
are positively correlated to each other. There is evidence suggesting
that Aβ induces oxidative stress both in vivo and in vitro [62,63],
and oxidative stress promotes the production of Aβ [64]. A recent
study [65] showed that oxidative stress induced by H2O2 and HNE
treatments activated a positive feedback between the γ- and β-
secretase cleavages of the β-amyloid precursor protein, which led to
an increase in Aβ40 and Aβ42 production as well as Aβ42/40 ratios.
This kind of feedback required the activation of the JNK/c-jun
pathway. Combined with our results, it seemed that when the
γ-secretase activity was inhibited in N2a/Swe.D385A cells, the
positive feedback could not be observed. Moreover, the effects on
cellular ROS, Ψm and ATP of DAPT were a supplementary result.

Apoptosis is attributed to neurodegenerative diseases and neuro-
logical disorders, such as AD and Parkinson's disease. Increased levels
of ROS and mitochondrial dysfunction are involved in Aβ-induced
apoptosis [66]. Studies have established that Aβ peptide induces
apoptosis in mouse neuronal cultures [67]. Familial AD (FAD)
mutations in presenilins render neurons vulnerable to apoptosis
induced by Aβ [68]. Consistent with previous studies, we found that
N2a/APP695 and N2a/APPswe cells, which have high Aβ levels,
showed significantly increased proportions of apoptotic cells after
treatment with 50 μM H2O2. As the MAPK pathway has been found to
play a role in AD pathology [25,69], we found that after treatmentwith
H2O2 for 3 h and 6 h, N2a/APP695 and N2a/APPswe cells exhibited
significantly enhanced protein expression levels of ERK and JNK
activation compared to control cells. This result suggested that the
endogenous Aβmight promote the activation of JNK and ERK induced
by oxidative stress. Furthermore, this effect is Aβ dose-dependent.
Given the important relationship between Aβ and apoptosis, we
investigated the influence on apoptosis when the activity of
γ-secretase was inhibited by transfectionwith PS1 dominant negative
mutant. Interestingly, we observed that N2a/Swe.D385A cells, which
secreted little Aβ, displayed significantly reduced proportions of
apoptotic cells after treatment with 50 μM H2O2 compared to N2a/
Swe.wt and N2a/Swe.ΔE9 cells. At the same time, we found that
expression of the D385A PS1variant retarded activation of the JNK and
ERK1/2 pathways. Both ERK1/2 and JNK pathways are generally
activated in susceptible neuronal populations in individuals with AD.
And there is evidence suggesting that the activation of ERK and JNK
can independently serve to initiate, but both are necessary to
propagate disease pathogenesis [70]. They called this “two hits
hypothesis” [71]. And they indicated that only with “two hits” could
the disease process be started.” Combined with our results, we
speculated that oxidative stress, as an early event in AD, played an
important role in activating ERK1/2 and JNK pathways. It was shown
that when γ-secretase activity was inhibited in N2a/Swe.D385A cells,
the “two hits” was delayed.

Though the expression of Bax stayed consistent, a shift in the Bcl-
2/Bax ratio toward Baxmight be involved in the different sensitivity of
the three cell lines after secondary stress insult. We speculate that
both reduced Aβ production and depressed oxidative stress lead to
reduced vulnerability to apoptotic cell death.

External applied Aβ monoclonal antibody could bind the extra-
cellular Aβ. The level of ROS could be decreased and Ψm could be
increased in the presence of Aβ antibody in N2a/Swe.ΔE9 cells while
not in N2a/Swe.D385A cells, which demonstrated that the extra-
cellularly secreted Aβ played an important role in cell damages
mentioned above. A recent study showed that extracellular fluores-
cent Aβ could be taken up by human SH-SY5Y neuroblastoma cells
and later partly localized to mitochondria [72]. Besides, Saavedra and
colleagues [73] have proved that Aβ42 is internalized by primary
neurons in the absence of ApoE. These results implied that secreted Aβ
could be reinternalized into cells and came in contact with
mitochondria. Combined with our data, we speculated that Aβ,
including the intracellular and the reinternalized extracellular, led to
intracellular toxicity, including oxidative stress, mitochondrial dys-
function, and apoptosis. In accordance with our results, primary
neuronal cultures from knock-in mice expressing mutant human PS-1
and APP neurons exhibited increased vulnerability to oxidative stress,
mitochondrial dysfunction and apoptosis in the presence of Aβ42
compared with the wild-type neurons [16]. SH-SY5Y cells pretreated
with Aβ antibody significantly prevented the cell neurotoxicity
induced by Aβ [74].

In summary, compared to AD pathological cell models, N2a/Swe.
D385A cells showed reduced oxidative stress, increasedmitochondrial
activity and decreased vulnerability to apoptosis. Thus, our data
support the view that γ-secretase is a therapeutic target for treatment
of AD. Optimum γ-secretase inhibitors, especially APP-specific γ-
secretase inhibitors, are a good choice. However, additional work is
required to understand the long-term effect associated with γ-
secretase inhibitors.
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