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Abstract The brain in Alzheimer’s disease is under
increased oxidative stress, and this may have a role in the
pathogenesis and neural death in this disorder. It has been
verified that numerous signaling pathways involved in neu-
rodegenerative disorders are activated in response to reactive
oxygen species (ROS). EUK134, a synthetic salen—manga-
nese antioxidant complex, has been found to possess many
interesting pharmacological activities awaiting exploration.
The present study is to characterize the role of Notch sig-
naling in apoptotic cell death of SK-N-MC cells. The cells
were treated with hydrogen peroxide (H,0,) or menadione to
induce oxidative stress. The free-radical scavenging capa-
bilities of EUK134 were studied through the MTT assay,
glutathione peroxidase (GPx) enzyme activity assay, and
glutathione (GSH) Levels. The extents of lipid peroxidation,
protein carbonyl formation, and intracellular ROS levels, as
markers of oxidative stress, were also studied. Our results
showed that H,O,/menadione reduced GSH levels and GPx
activity. However, EUK134 protected cells against ROS-
induced cell death by down-regulation of lipid peroxidation
and protein carbonyl formation as well as restoration of
antioxidant enzymes activity. ROS induced apoptosis and
increased NICD and HES1 expression. Inhibition of NICD
production proved that Notch signaling is involved in
apoptosis through p53 activation. Moreover, H,O,/menadi-
one led to Numb protein down-regulation which upon
EUK134 pretreatment, its level increased and subsequently
prevented Notch pathway activation. We indicated that
EUK134 can be a promising candidate in designing natural-
based drugs for ROS-induced neurodegenerative diseases.
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Abbreviations
MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide

GSH Glutathione

DTNB Dithionitrobenzoic acid
MDA  Malondialdehyde

PBS Phosphate buffer saline
PCO Protein carbonyl
Introduction

Oxidative stress has been implicated to play a crucial role
in the pathogenesis of Alzheimer’s disease, the most
common type of dementia (Barnham et al. 2004; Markes-
bery 1997; Miranda et al. 2000). Reactive oxygen species
(ROS), mainly superoxide anions (O ) and hydrogen per-
oxide (H,0,), are generated by metabolic reactions in all
aerobic organisms (Cadenas and Davies 2000). Their
relentless production coupled with their damaging nature
has led to a harmful function. However, the cells have
obviously evolved multiple intracellular defenses for their
elimination. It would, therefore, seem that antioxidant
molecules including manganese—salen complexes like
EUK134 [manganese 3-methoxy N,N' bis (salicylidene)
ethylene-diamine chloride] having combined superoxide
dismutase (SOD) and catalase mimetic functions should be
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beneficial for blocking these detrimental effects (Doctrow
et al. 1997). Accordingly, the target for ROS action has
been studied mainly in relation to these disorders leading to
the identification of various signal transduction pathways
activated in response to changes in the intracellular levels
of ROS (Rhee 1999). ROS-induced activation of signaling
pathways such as Notch signaling may amplify the toxicity
of these species. The Notch signaling pathway is a well-
conserved signaling pathway with probable roles in regu-
lating stem cell maintenance, differentiation, and apopto-
sis. Notch genes encode highly conserved cell-surface
receptors which are then processed by y-secretase to
release NICD (Notch Intracellular Domain) (Bray 1998).
NICD, in the nucleus, activates transcription of target
genes including c-Myc, cyclinD1, p21/Wafl, NFkB2, Ifi-
202, Ifi-204, Ifi-D3, ADAM19, Notchl, Notch3, and bcl-2
(Borggrefe and Oswald 2009). Notch signaling is modified
by a number of additional factors including Numb, a
cytoplasmic negative regulatory protein which regulates
the ubiquitin-dependent degradation of NICD with ultimate
cell’s fate determination (Lu et al. 1998; Spana and Doe
1996). Since in AD the cells are exposed to various ROS, it
is of clinical significance to elucidate the mode and
mechanism of cell death in AD. The possibility of Notchl
involvement in AD pathophysiology via activation by
oxidants led us to compare the patterns of NICD expression
in response to H,O, and menadione (superoxide anion
producer) in the SK-N-MC neuroblastoma cells, with the
aim of finding anti-apoptotic clues to attenuate cell death in
AD. Moreover, we investigated the relationship between
Notch and p53 pathways to find out whether Notch sig-
naling pathway could induce cell death through p53
activation.

Materials and Methods
Materials

The cell culture medium (RPMI-1640), fetal bovine serum
(FBS), and penicillin—streptomycin were purchased from
Gibco BRL (Life technology, Paisley, Scotland). Hydrogen
peroxide (H,O,) and dimethyl sulfoxide (DMSO) were
obtained from Merck (Darmstadt, Germany). The SK-N-
MC cell line was obtained from Pasteur Institute of Iran
(Tehran, Iran). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide], phenylmethylsulphonyl
fluoride (PMSF), leupeptin, pepstatin, aprotinin, dithioni-
trobenzoic acid (DTNB), glutathione (GSH), and (y-
secretase inhibitor) DAPT were purchased from Sigma
Chem. Co (Germany). 2',7'-Dichlorofluorescein diacetate
(DCFH,-DA) was purchased from Molecular Probe
(Eugene, OR, USA). Ethidium bromide (EtBr) and acridine
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orange (AO) were obtained from Pharmacia LKB Bio-
technology AB Uppsala (Sweden). EUK134 was prepared
by first synthesizing the ligand and then complexing the
ligand to manganese using reported methods (Boucher and
Farrell 1973). Anti-bcl-2, anti-Bax, anti-cleaved caspase-9,
anti-p53, anti-p21, and anti-tubulin antibodies were pur-
chased from Biosource (Nivelles, Belgium). Anti-NICD
was obtained from cell signaling (MA, USA). Anti-HES],
anti-MDM?2, and anti-Numb were purchased from Santa
Cruz Biotechnology (Germany). Chemiluminescence
detection system was purchased from Amersham-Pharma-
cia (Piscataway, NJ, USA).

Cell Culture

Human SK-N-MC cell line was cultured in RPMI-1640
medium supplemented with FBS (10 %, v/v), streptomycin
(100 pg/ml), and penicillin (100 u/ml). The cells were
incubated in a 5 % CO, humidified atmosphere at 37 °C.
To examine the effect of y-secretase inhibitor DAPT on
H,0,-induced apoptosis, SK-N-MC cells were pretreated
with 20 pmol/l DAPT for 1 h. After 1 h, the medium was
discarded, and the cells were treated with H,O, (150 pM)
for additional 24 h.

Cell Viability Determination

Cell viability was evaluated using the MTT assay which is
dependent on the reduction of MTT to formazan by viable
cells. The resulting intracellular purple formazan is quan-
tified spectrophotometrically. The cells were seeded in
96-well plates at a concentration of 5 x 10*/well for 24 h,
and then pretreated with different concentrations of
EUK134. Two hours later, the medium of each well was
replaced with fresh medium containing H,O, (150 uM) or
menadione (20 pM) and incubated at 37 °C. After 24 h, the
medium was discarded, and 10 pl MTT (5 mg/ml) was
added to each well. After 4 h of incubation, the superna-
tants were removed. The formazan crystals in each well
were dissolved in 100 pl of DMSO, and the absorbance
was measured via ELISA reader (Exert 96, Asys Hitch, Ec
Austria) at a wavelength of 570 nm.

Detection of Intracellular ROS

The generation of reactive oxygen radicals was monitored
using 2',7'-dichlorodihydro-fluorescein diacetate (DCFH,-
DA). The oxidation of DCFH, by intracellular ROS,
mainly H,O,, results in fluorescent DCF which stains the
cells (Gomes et al. 2005). Thus, the DCF fluorescence
intensity correlates with the amount of peroxide produced
by the cells (Lebel et al. 1992). To do the test, 10 uM
DCFH,-DA in PBS was added to the cells treated with
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H,0, (150 uM) or menadione (20 pM). Then, the fluo-
rescence intensity was evaluated using a varian spectro-
fluorometer (model Cary Eclipse) with excitation and
emission at 485 and 530 nm, respectively.

Glutathione Peroxidase Assay

Glutathione peroxidase (GPx) activity was monitored in a
I-ml cuvette containing 0.890 ml of 100 mM potassium
phosphate buffer (pH 7.0), 1 mM EDTA, 1 mM NaNj,
0.2 mM NADPH, 1 u/ml GSH reductase, and 1 mM GSH.
Cell lysate was added to make a total volume of 0.9 ml.
The reaction was initiated by the addition of 100 pl of
2.5 mM H,0,, and the conversion of NADPH to NADP"
was monitored with a spectrophotometer at 340 nm for
3 min. GPx activity was expressed as nmoles of NADPH
oxidized to NADP'/min/mg protein, using a molar
extinction coefficient of 6.22 x 10° (cm/M) for NADPH
(Flohe and Gunzler 1984).

Determination of Lipid Peroxidation

Lipid peroxidation was measured via thiobarbituric acid
reactive substance (TBARS) according to the double-heat-
ing method (Drapper and Hadley 1990). Malondialdehyde
(MDA) level was assayed by absorbance of the purple
(MDA)-TBA complex at 532 nm. After drug treatment,
cells were exposed to 150 uM H,0, or 20 pM menadione
for 24 h. Then, the cell lysates were mixed with 0.5 ml of
10 % trichloroacetic acid and heated at 95 °C for 15 min.
After cooling, the samples were centrifuged at 1,500x g for
10 min, and 2 ml of each sample supernatant was mixed
with TBA solution (0.67 % w/v). Each tube was then placed
in a boiling water bath for 15 min. After cooling to room
temperature, the absorbance was determined at 532 nm. The
concentration of MDA was calculated based on the extinc-
tion coefficient of the TBA-MDA complex [¢=
1.56 x 105 (cm/M)], and it was expressed as nmol/mg
protein.

Determination of Protein Oxidation

For the determination of PCO levels, 1 ml of 10 mM 2,4-
dinitrophenylhydrazine (DNPH) in 2 M HCl was added to
the cell lysates. Samples were incubated for 1 h at room
temperature. Then, 1 ml of trichloroacetic acid (TCA 10 %
w/v) was added to each mixture and centrifuged at
3,000x g for 10 min. Each protein pellet was washed three
times with 2 ml of ethanol/ethyl acetate (1:1, v/v) and
dissolved in 1 ml of guanidine hydrochloride (6 M, pH
2.3). The carbonyl content was calculated based on the
molar extinction coefficient of DNPH [¢ = 2.2 x 10* (cm/
M)] and was expressed as nmol/mg protein.

Reduced Glutathione Evaluation

Intracellular GSH level was evaluated using dithionitro-
benzoic acid (DTNB) method. After drug treatment, the
concentration of GSH was determined spectrophotometri-
cally at 412 nm in the whole cell lysate using DTNB, and
the reduced GSH level was expressed as pg/mg protein
(Jollow et al. 1974).

Immunoblotting

The treated cells were harvested and lysed using lysis buffer
containing 1 % Triton X-100, 1 % SDS, 10 mM Tris (pH
7.4), 100 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM
sodium pyrophosphate, 2 mM NazVO,, 1 mM NaF, 0.5 %
sodium deoxycholate, 10 % glycerol, 1 mM phenylmeth-
ylsulphonyl fluoride (PMSF), 10 pg/ml leupeptin, 1 pg/ml
pepstatin, and 60 pg/ml aprotinin. Protein concentration of
each sample was determined using Lowry’s method. Equal
quantities of protein (50 pg) were subjected to SDS—poly-
acrylamide gel electrophoresis (PAGE) and electrically
transferred to nitrocellulose membranes. The filter mem-
branes were blocked in Tris-buffered saline (pH 7.4) con-
taining 0.1 % Tween-20 and 5 % BSA (bovine serum
albumin) overnight at 4 °C. The blocked blots were incu-
bated with primary antibodies for 1 h at room temperature
using antibody dilutions as recommended by the manufac-
turer in Tris-buffered saline (pH 7.4), 0.1 % Tween-20 fol-
lowing 1 h incubation with anti-rabbit, or anti-mouse
horseradish peroxidase-conjugated secondary antibodies
(Biosource, Belgium). The proteins bands were detected by
an enhanced chemiluminescence (ECL) detection system
(Amersham-Pharmacia, Piscataway, NJ), and the bands
were quantified using Scion Image software.

Statistical Analysis

Data were expressed as percent of values of untreated
control cells, and each value represents the mean £+ SD
(n = 3). The significant differences between the means of
the treated and untreated groups were calculated by
unpaired Student’s ¢ test, and P values less than 0.05 were
considered significant.

Results

EUK134 Enhanced the Viability of H,O,/Menadione-
Treated Cells

Many studies have investigated the role of ROS on cell

death in neuroblastoma cells. The SK-N-MC cells were
treated separately with hydrogen peroxide (H,O,) and/or
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Fig. 1 Effects of HO, and menadione on viability of SK-N-MC cells.
SK-N-MC cells were treated with different concentrations of H,O,
(100, 150, and 300 pM) or menadione (10, 20, and 30 uM) for 24 h
(a), SK-N-MC cells were pretreated with EUK134 (10, 20, and 30 pM)
and exposed to H,O, (150 uM) or menadione (20 uM) for 24 h (b),

menadione (superoxide anion radical producer) to induce
oxidative stress. To find the concentration of ROS where
50 % of cells are viable, we examined a range of con-
centrations of H,O, (100, 150, and 300 uM) and/or men-
adione (10, 20, and 30 uM). Our data indicated that H,O,
and menadione reduced the cell viability to 50.3 and 51 %
at 150 uyM H,0, and 20 puM menadione, respectively
(Fig. 1a). Regarding these data, the rest of experiments
have been carried out based on obtained doses. Pretreat-
ment of the cells with EUK134 for 2 h (10-30 uM) and
subsequent treatment with 150 pM H,O, or 20 pM men-
adione for 24 h enhanced the extent of viability in a con-
centration-dependent manner. EUK134 (20 uM) restored
the cell viability by 33.2 and 26 % among H,O, and
menadione-treated cells, respectively (Fig. 1b).

EUK-134 Decreased H,O,/Menadione-Induced ROS
Generation

To evaluate the effects of EUK134 on intracellular reactive
oxygen species levels induced by H,O,/menadione, we
measured ROS levels using DCFH,-DA staining. As Fig. 2
indicates, ROS production increased by a factor of 4.35 and
5.34 in response to H,O, or menadione, respectively.
However, EUK 134 pretreatment of SK-N-MC cells attenu-
ated H,O,/menadione-induced ROS generation.

Restoration of GPx Activity by EUK134

To study whether the intracellular antioxidant status is altered
by EUK134, the activity of GPx was determined at different

@ Springer

and then cell viability was examined by MTT assay. The data are the
means of three independent measurements £ SD. ***significantly
different from control cells (P < 0.05); #'##signiﬁcantly different from
ROS-treated cells (P < 0.05). (*’#represents H,O,-treated cells and
#x#represents menadione-treated cells)

concentrations of EUKI134 among the H,O,/menadione-
treated cells. H,O, (150 pM) and/or menadione (20 pM)
reduced GPx activity to 1.14 and 0.98 nmol/min/mg protein,
respectively (compared to 2.14 nmol/min/mg protein in
untreated control cells). As shown in Fig. 2b, pretreatment of
the cells with EUK134 at concentrations of 10 and 20 uM
increased the enzyme activity to 1.47 and 1.68 nmol/min/mg
protein among H,O,-treated cells and 1.13 and 1.49 nmol/
min/mg protein in menadione-treated cells.

Effect of EUK134 on H,O,/Menadione-Induced Lipid
Peroxidation

Oxidative stress leads to oxidation of biomolecules including
lipids. One of the final products of the lipid peroxidation
process is MDA. MDA levels are measured as a marker of
H,O,/menadione-Induced oxidative stress. As Fig. 2a
shows, H,O, (150 uM) or menadione (20 pM) treatment
increased the extent of MDA formation (2.25 nmol/mg
protein in H,O,-treated cells and 2.45 nmol/mg protein in
menadione-treated cells) relative to control cells (0.57 nmol/
mg protein). However, pretreatment of cells with EUK134
(20 uM) followed by H,O, or menadione treatment reduced
MDA generation to 0.79 and 1.61 nmol/mg protein.

Effect of EUK134 on H,0,/Menadione-Induced PCO
Formation

Protein carbonyls are stable and also are widely used as
markers to assess the levels of protein oxidation. The extent of
protein carbonyl formation can be determined experimentally
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Fig. 2 Effect of different concentrations of EUK134 on intracellular
ROS, lipid peroxidation, protein carbonyl, and GSH levels and
glutathione peroxidase activity in H,O, or menadione-treated cells.
SK-N-MC cells were pretreated with EUK134 (10 and 20 uM) for 2 h
before treatment with 150 uM H,O, or 20 pM menadione for 24 h
(a). ROS levels were evaluated using 2',7'-dichlorofluorescein
diacetate (DCFH,-DA), and the fluorescence intensity of 10,000 cells

by derivatization of the carbonyl groups with 2,4-dinitro-
phenylhydrazine (DNPH), followed by spectroscopic or
immunochemical detection of the resulting hydrazone prod-
uct. After treatment with H>O, (150 uM) or menadione
(20 uM), the PCO formation increased significantly
(3.24 nmol/mg protein in H,O,-treated cells and 3.66 nmol/
mg protein in menadione-treated cells versus 0.49 nmol/mg
protein in control cells). However, pretreatment with EUK134
reduced protein carbonyl levels to 1.16 and 2.35 nmol/mg
protein, respectively (Fig. 2a).

EUK134 Prevented H,O,/Menadione-Induced GSH
Depletion

Glutathione is critical for protecting the brain from oxidative
stress which participates in the detoxification of hydrogen
peroxide by various GPxs (Hermes-Lima 2004). Based on
DTNB assay, the intracellular GSH concentration of the cells
reduced to 4.2 and 3.6 pg/mg protein when the cells were
treated with 150 uM H,0O, or 20 pM menadione for 24 h,
respectively (Fig. 2a). However, the cellular GSH contents of
the cells pretreated with 20 pM EUK134 followed by H,0O,
and/or menadione treatments were 8.5 and 7.4 pg/mg protein,
respectively, relative to the control cells (9.16 pg/mg protein).

EUKI134 Decreased Bax/bcl2 ratio and Procaspase-9
Activation in H,O,/Menadione-Treated Cells

Previous findings have suggested that oxidative stress-
induced apoptosis correlates with the level of expression of

was measured. Lipid and protein oxidation were measured by analysis
of MDA and PCO, respectively. Reduced glutathione level was
monitored by DTNB assay (b). The glutathione peroxidase activity
was monitored with a spectrophotometer at 340 nm. The data are the
means of three independent measurements £ SD. ***significantly
different from control cells (P < 0.05); ***significantly different from
ROS-treated cells (P < 0.05)

apoptosis regulatory proteins, Bax, and bcl-2, in the cells.
Pro-apoptotic Bax protein promotes apoptosis by binding to
and antagonizing the bcl-2 (Oltvai et al. 1993). In response to
a variety of apoptotic stimuli, activated Bax forms an olig-
omeric pore in the mitochondrial membrane by which
cytochrome c is released to cytosol to promote apoptosis by
activating caspases (Verhagen et al. 2000). Only caspase-9
bound to the apoptosome is able to efficiently cleave and
activate down-stream effector caspases such as caspase-3
(Rodriguez and Lazebnik, 1999). Pretreatment of cells with
EUK134, prior to H,O, or menadione treatments, reduced
procaspase-9 activation (Fig. 3a). Our data suggested that
Bax/bcl-2 ratio, as an index of apoptosis, increased in
response to oxidative stress. However, EUK134 reduced
Bax/bcl-2 ratio and procaspase-9 activation.

Effect of EUK134 on H,0,/Menadione-Induced
Expression of NICD, HES1, and Numb

Numb is a cell fate determinant with Notch receptors antago-
nizing activity (Roegiers and Jan 2004). Thus, we hypothesized
that Notch signaling might be impressed by Numb to lead to
H,0,/menadione-induced apoptosis. To disclose this hypothesis,
we first investigated the effect of H,O, and superoxide anion
radicals on the expression of the Notch intracellular domain
(NICD). In addition, HES1 expression was followed as a Notch
down-stream target gene. Our data showed that H,O, or mena-
dione treatment significantly increases the NICD and HESI1
expression supporting the idea that oxidative stress could activate
Notch signaling (Fig. 3b). On the other hand, H,O,/menadione
treatment resulted in down-regulation of Numb expression in a
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Fig. 3 Effects of H,O, and menadione on Bax, bcl2, cleaved
caspase-9, MDM2, p53, p21, NICD, HES1, and Numb expression
levels in H,0,/menadione-treated SK-N-MC cells. Cells were
pretreated with 20 pM EUK134 followed by incubation with
150 uM H,0, or 20 uM menadione for 24 h. Bax, bcl-2, and cleaved
caspase-9 (a) NICD, HESI1, and Numb (b) MDM2, p53, and p21

time-dependent manner. Pretreatment with EUK134, however,
decreased NICD and HES1 levels. Treatment of SK-N-MC cells
with DAPT (20 uM) completely blocked NICD production
leading to HES1 down-regulation as well as up-regulation of
Numb (Fig. 4). The present research provides the evidence that
EUK134 could protect SK-N-MC cells from oxidative stress-
induced apoptosis by Numb up-regulation leading to the sup-
pression of Notch signaling activity.

Effect of EUK134 on H,0,/Menadione-Induced
Expression of P53

P53, a major tumor suppressor protein, responds to diverse
cellular stresses. MDM2 protein binds to p53 to prevent its
transcriptional activity. In addition, MDM2 regulates p53
degradation via its E3 ubiquitin-ligase activity (Kubbutat
et al. 1997). We analysed cyclin-dependent kinase inhibitor
p21 expression level as a p53 down-stream gene expressed
in response to oxidative stress (El-Deiry et al. 1993). To
evaluate the effects of EUK134 on p53 expression and cell
survival, the cells were pretreated with EUK134 for 2 h
followed by H,O,/menadione treatment. Studies have
shown that H,O, and menadione have been implicated in
regulating p53 expression levels. Treatment with either of
the oxidants resulted in up-regulation of p53 and p21
expression parallel to down-regulation of MDM?2. In con-
trast, EUK 134 attenuated the effects of oxidative stress on
p53, p21, and MDM2 levels (Fig. 3c). Inhibition of Notch
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(c) protein expression was measured by western blot analysis using
monoclonal antibodies against each factor. Intensity of each band was
quantified based on densitometry analysis. All data are representative
of three independent experiments = SD (P < 0.05). ***significantly
different from control cells (P < 0.05); ***significantly different from
ROS-treated cells (P < 0.05)

signaling activation with DAPT led to decreased p53 and
also increased MDM2 levels, which is consistent with p53
ubiquitination by MDM2 (Fig. 4).

Discussion

Oxidative stress has been implicated in a variety of neu-
rodegenerative disorders including AD (Halliwell and
Gutteridge 1990). Currently, it is known that numerous
signaling pathways are activated in response to oxidative
stress which might modulate cell death (Rhee 1999). Some
of the relevant studies have focused on the mode of action
of different types of reactive oxygen species (ROS)
including superoxide anion radicals and hydrogen peroxide
involved in AD induction and progression (Conde de la
Rosa et al. 2006; Dunning et al. 2009). Menadione is a
strong superoxide anion generating agent, while hydrogen
peroxide is believed to produce hydroxyl radicals (Criddle
et al. 2006). It is of clinical importance to know how SK-N-
MC cells would react toward these two types of intracel-
lular oxidants and what would be the effects on the Notch
signaling pathways.

Notch signaling, classically associated with cell differ-
entiation, has also been shown to direct cells into prolif-
erative or apoptotic states in a cell type-specific manner.
Notch signaling activation can promote proliferation in
mammalian astrocytes (Furukawa et al. 2000). It has been
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Fig. 4 The effect of y-secretase inhibitor DAPT on NICD, HESI,
Numb, MDM2, and p53 expression. Cells were pretreated with
20 UM vy-secretase inhibitor DAPT for 1 h followed by incubation
with 150 pM H,0, for 24 h. NICD, HES1 and Numb (a) MDM2 and
p53 (b) proteins expression was measured by western blot analysis

reported that Notch activation is involved in the regulation
of apoptotic cell death during retina development in Dro-
sophila and mammalian neural development (Scheer et al.
2001). A recent study has also provided the evidence that
NICD induces extensive apoptosis in early neural progen-
itor cells via a p53-dependent pathway activated in these
cells (Yang et al. 2004). In other words, Notch activation in
neural progenitor cells leads to elevated levels of nuclear
p53 and transcriptional up-regulation of Bax, a major gene
mediating p53-dependent apoptotic cell death, demon-
strating a crucial role for Notch in the regulation of
apoptosis in early neural progenitors (Yang et al. 2004).
Taken together, these studies suggest an apoptotic role for
Notch. Thus, removal of excess reactive oxygen species or
suppression of their generation may be effective in pre-
venting Notch activation and oxidative cell death. This
work is strengthening an important role of ROS on Notch
signaling pathway activation, the relationship between this
pathway and p53-dependent apoptosis, and utilization of
antioxidant therapy for preventing or delaying reactive
oxygen species-induced apoptosis. The present research
verifies that EUK134 is efficacious to protect cells against

(b)
- T ww
P53 - - -

p- Tubulin

MDM2

= MDM?2 OPS3

14 *
1.2
1 {
0.8 ¥
0.6 *
0.4 -
0.2
0 J

Band intensity (Arbitrary unit)

H,0, (150uM) - + = +
DAPT (20pM) _ - 3 4

using monoclonal antibodies against each factor. Intensity of each
band was quantified based on densitometry analysis. All data are
representative of three independent experiments £+ SD (P < 0.05).
*Significantly different from control cells (P < 0.05); *significantly
different from ROS-treated cells (P < 0.05)

H,0,/menadione-mediated injury as showed significant
neuroprotection via inhibition of lipid peroxidation,
enhancement of endogenous antioxidant defense enzymes,
attenuation of ROS levels, and reduction in protein car-
bonyl formation. Our data provided the evidence that
H,0,-scavenging potential of EUK134 was more effective
than its scavenging potential on menadione. Exposure of
cells to H,O,/menadione enhanced Bax/bcl2 ratio and
procaspase-9 activation. To scrutinise the mechanism
underlying oxidative stress-induced apoptosis, we analysed
pS53, p21 and MDM2 expression levels. The relatively high
levels of p53 expressed in oxidant-treated cells suggest that
H,0,/menadione-induced apoptosis is dependent on p53
tumor suppressor protein. P21 protein was also up-regu-
lated in response to both oxidants. Exposure of SK-N-MC
cells to oxidative stress increased also NICD and HESI1
expression. Our results also confirmed that NICD increased
HEST1 level and subsequently induced apoptosis in SK-N-
MC cells through p53 up-regulation. This fact is consistent
with previous documents by Huang et al. who showed that
HES1 modulates p53 signaling by inhibiting MDM?2
function. Knowing that HES1 is under the influence of
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Fig. 5 Proposed signaling events in H,O,/menadione-induced SK-N-
MC cell death. (—) stimulating effect; () inhibitory effect

Notchl, supports a model for cell type-specific crosstalk
between the Notch and p53 signal transduction pathways in
which Notch leads to p53 activation by up-regulating target
genes such as HES1. Based on our data, Notch inhibition
decreased HES1 level resulting in MDM2 activation and
subsequent p53 ubiquitination. This finding provides an
explanation for the apoptotic effect of Notch in some cell
types (Chin et al. 1996; Huang et al. 2003).

It has been demonstrated that Numb promotes NICD
ubiquitination and degradation (McGill and McGlade
2003). Our present data showed that exposure of SK-N-MC
cells to H>O,/menadione decreased Numb content in a
time-dependent manner. However, EUK134 remarkably
raised the Numb protein level leading to inhibition of
Notch signaling activity (Fig. 5). Based on the present data,
we hypothesized that Numb could act as a survival factor
capable of regulating the blockade of ROS-induced apop-
tosis by modulating the activity of Notch signaling.
Regarding the significant effect on potentiation of Numb
expression with subsequent NICD inactivation, EUK134
acts as an excellent antioxidant and highly valuable for
clinical evaluation. In addition, our data indicated that
Notch signaling pathway is activated in response to either
H,O, or menadione, meaning that Notch signaling

@ Springer

activation is independent of at least these two types of ROS
(OH® and O;).
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