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Abstract This study points out different behaviour

between HEK cells overexpressing wild-type or mutant

APP when exposed to oxidative insult. Although appar-

ently both APPwt and APPmut overexpression conferred

resistance to oxidative insult, some differences in terms of

degree of protection was observed in the two clones. We

found that the two clones differed, especially, in terms of

redox profile. HEK-APPmut cells were characterized by

higher levels of oxidative markers in comparison with

HEK-APPwt. In addition, SOD activity appeared more

efficient in HEK-APPwt than in HEK-APPmut, thus jus-

tifying the differences in terms of cell survival in the two

clones. We suggest that, according to ‘‘hormesis theory’’,

in HEK-APPwt cells low amount of oxidative stress can

exert a beneficial effect that at a higher intensity results

harmful. In contrast, HEK-APPmut cells lost this stress

resistance probably because the degree of oxidative stress

is too high and the antioxidant enzymes are themselves

compromised.
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Introduction

Amyloid precursor protein (APP) is a type I membrane-

spanning glycoprotein expressed in a wide variety of tissue

and cell types. At least 10 isoforms of the protein derived

by alternative splicing have been described with the 695,

751 and 770 amino acid isoforms being the most common.

APP695 is expressed only in neurons, whereas the other

forms are present in many other cell types. The two longer

forms of the molecule contain a Kunitz-type serine prote-

ase inhibitor domain (KIP) which is coded by exon 7 (168

nucleotides) of the APP gene. APP undergoes intensive

processing and its metabolic products have different

effects. In the amyloidogenic pathway, APP can be sub-

sequently cleaved by b-secretase and c-secretase, resulting

in Ab peptides and an APP intracellular domain, which is

also known as carboxy terminal segment e (CTSe). In the

non-amyloidogenic pathway, APP is first processed by

a-secretase within the Ab sequence to produce sAPPa and

a membrane-associated carboxy terminal segment a
(CTFa), which undergoes further c-secretase processing to

result in the formation of p3 and CTSe (De Strooper and

Annaert 2000; Vetrivel and Thinakaran 2006; LaFerla

et al. 2007; Walsh et al. 2007; Thinakaran and Koo 2008).

So far, the pathophysiological role of APP and its proteo-

lytic fragments, including Ab peptides, have mainly been

considered as being brain specific (Pearson and Peers 2006;

Walsh and Selkoe 2007; Knobloch and Mansuy 2008;

Selkoe 2008). Abnormal generation and accumulation of

Ab peptides in brain is thought to be one of the causative

events in Alzheimer’s disease (AD) (Shankar et al. 2008).
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The amyloid hypothesis in AD is sustained by the

identification of gene mutations in familial cases of the

pathology. AD-related mutations specifically affect

c-secretase-mediated processing, with an accumulation of

Ab peptides, especially the 42 amino acids length frag-

ment. However, the ubiquitous production of APP and Ab
peptides indicates that their functions are also ubiquitous

(Graebert et al. 1995; Schmitz et al. 2002; Grimm et al.

2007). Recently, the APP751 isoform, which is expressed

mainly in non-neuronal cells, has been demonstrated to

undergo an intense amyloidogenic metabolism with pro-

duction of Ab fragments. Furthermore, numerous studies

reported different effects of APP metabolic products in

non-neuronal cells (Beer et al. 1995; Herzog et al. 2004).

For example, in epithelial cells, APP metabolism has been

found to increase cell proliferation and cell migration

(Schmitz et al. 2002). APP metabolic products have also

been shown to stimulate cell division in APP-deficient

fibroblasts (Saitoh et al. 1989). Moreover, nanomolar

concentrations of Ab peptides activate angiogenesis by

promoting endothelial cell proliferation and migration as

well as pseudocapillary formation on microvascular endo-

thelial cells (Cantara et al. 2004). Xu et al. (1999), showed

that wild type (wt), but not mutant (mut) APP effectively

protected neuroblastoma cells against apoptosis induced by

ultraviolet irradiation and staurosporine. Moreover, we

recently demonstrated that overexpression of APP751

rendered HEK cells less sensitive to doxorubicin insult

(Uberti et al. 2007). Interestingly, in these clones cell

resistance upon cytotoxic insult was recapitulated by c and

b secretase inhibitors, but not by a secretase inhibitor,

suggesting a role for Ab peptides in such effect (Uberti

et al. 2007).

Here, we describe the redox profile of HEK cells over-

expressing wild type APP (HEK-APPwt) or mutant APP

(HEK-APPmut) and demonstrate how the different redox

state can influence the response of the two experimental

cell lines to a toxic acute oxidative insult. Furthermore, the

different behaviour of HEK-APPwt and HEK-APPmut was

discussed in light of the effects of Ab1–40 and Ab1–42

peptide treatments.

Materials and methods

Cell culture and transfections

HEK-293 cells were cultured in Dulbecco’s modified

Eagle’s medium (Sigma-Aldrich, St Louis, MO, USA)

containing 10% foetal bovine serum (Sigma-Aldrich, St

Louis, MO, USA), 2 mM glutamine (Sigma-Aldrich),

100 units/ml penicillin (Sigma-Aldrich) and 100 lg/ml

streptomycin (Sigma-Aldrich) at 37�C in a 5% CO2-con-

taining atmosphere.

The HEK-293 cell stable transfection with APP 751

wild type (HEK-APPwt) and APP (val717gly) mutation

(HEK-APPmut), was prepared as follows. HEK-293

cells, seeded on polylysine-coated 6-well plate at 80% of

confluence density were transfected with 1 lg/well of

pcDNA–APP751 vector or 1 lg/well of pcDNA–APP751

(val717gly) mutation vector using LipofectamineTM 2000

reagent (Invitrogen, Milan, Italy). G418 (Sigma-Aldrich)

was added at a concentration of 800 lg/ml and drug resistant

cells were collected after 2–3 weeks for single cell cloning;

transfected cells were diluted, and seeded in 96-well plates at

one cell per well. Wells that contained more than one cell

were marked and excluded from further investigation. As

much as 50% of the medium in each well was replaced twice

a week. After 4–6 weeks, surviving clones reached conflu-

ency and were expanded for banking. Resistant clones were

analysed by Western blot to confirm the overexpression of

APP. Stable transfected cells expressing the APPwt or

APPmut construct were maintained in G418 at a final con-

centration of 300 lg/ml.

Ab treatment

Ab1–40 and Ab1–42, were purchased from Invitrogen

S.R.L. (San Giuliano Milanese (MI), Italy). The peptides

were solubilized in DMSO at the concentration of 1 mM

and frozen in stock aliquots. Stock aliquots were diluted

at the final concentration of 10 nM prior to use. All the

experiments performed with Ab were made in 1% of

serum.

H2O2 pulse

Cells were used at 80% confluent monolayers and they

were exposed to 1 mM H2O2 (Sigma-Aldrich) pulse for

5 min; then the H2O2 containing medium was replaced

with full medium and incubated for additional different

times: 300, 1 h, 4 h and 24 h according to the designed

experiments.

Cell viability

Cell viability was measured by quantitative colorimetric

assay with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide) (Sigma-Aldrich), showing the

mitochondrial activity of living cells. HEK clones in

96-well plates were exposed to 1 mM H2O2 pulse for

5 min; then the H2O2 containing medium was replaced

with full medium and incubated for an additional 24 h.

At the end of this incubation time, 500 lg/ml MTT
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(final concentration) was added to well and cells were

incubated at 37�C for 3 h. MTT was removed, and cells

were lysed with dimethyl sulfoxide (DMSO, Sigma-

Aldrich). The absorbance at 595 nm was measured using a

Bio-Rad 3350 microplate reader. Control cells were treated

in the same way without H2O2 pulse, and the values of

different absorbances were expressed as a percentage of

control.

Western blot analysis

Proteins were extracted from the cells as previously

described (Uberti et al. 2002) and proteins content were

determined by a conventional method (BCA protein assay

Kit, Pierce, Rockford, IL). As much as 30 lg of protein

extracts were electrophoresed on 12% SDS-PAGE, and

transferred to nitrocellulose paper (Amersham-GE Life

Sciences Healthcare, Milan, Italy). Filters were incubated

at room temperature overnight with primary antibodies in

5% non-fat dried milk (Euroclone CELBIO, Milan, Italy).

The antibodies used for this study were: the antibody that

recognized the N-terminus domain of APP protein (2C11,

1:150, Chemicon-Millipore, Billerica, MA, USA), anti-

bodies that recognize the two isoforms of superoxide dis-

mutase, Cu–Zn superoxide dismutase (anti-SOD1, 1:400,

Santa Cruz Biotechnology Inc., Heidelberg, Germany), and

Mn-superoxide dismutase (anti-SOD2, 1:300 Sigma-

Aldrich, St Louis, MO, USA), the antibody anti-p53 (CM1,

1:1000, Novocastra, Newcastle, UK), the antibody anti-

p21/WAF1 (1:200, Santa Cruz Biotechnology Inc.,

Heidelberg, Germany) and anti-a-tubulin antibody (1:1.500,

Sigma-Aldrich, St Louis, MO, USA). The secondary anti-

bodies (Dako, Glostrup, Denmark) and a chemiluminescence

blotting substrate kit (Amersham-GE Life Sciences Health-

care, Milan, Italy) were used for immunodetection. Evaluation

of immunoreactivity was performed on immunoblots by

densitometric analysis using Scion Image (PC version of

Macintosh-compatible NIH Image) software.

Measurement of protein carbonyls

Protein carbonyls are an index of protein oxidation and

were determined as described in Prof. Butterfield’s labo-

ratory (Butterfield and Stadtman 1997) Briefly, samples

(5 ll of proteins) were derivatized with 10 mM 2,4-dini-

trophenylhydrazine (DNPH) (from OxyBlottm Protein

oxidation Detection Kit, Chemicon International), in the

presence of 5 ll of 12% sodium dodecyl sulphate for

20 min at room temperature (23�C). The samples were then

neutralized with 7.5 ll of the neutralization solution (2 M

Tris in 30% glycerol). Derivatized protein samples were

then blotted onto a nitrocellulose membrane with a dot-blot

apparatus (2 lg per dot). The membrane was blocked with

a solution of 5% non-fat dried milk in Tris-buffered saline

(TBS) solution and followed by incubation with rabbit

polyclonal anti-DNPH antibody (1:100 dilution, from

OxyBlottm Protein oxidation Detection Kit, Chemicon-

Millipore, Billerica, MA, USA) as primary antibody for 1 h

at room temperature. After washing the membrane with

TBS buffer, it was further incubated with HRP-conjugated

goat anti-rabbit antibody (1:300, from OxyBlottm Protein

oxidation Detection Kit, Chemicon-Millipore, Billerica,

MA, USA) as secondary antibody for 1 h at room tem-

perature. Blots were developed using chemiluminescence

blotting substrate kit (Amersham-GE Life Sciences

Healthcare, Milan, Italy), scanned with Adobe Photoshop,

and quantified using Scion Image (PC version of Macin-

tosh-compatible NIH Image) software. Non-specific binding

of the primary or secondary antibodies was found.

Measurement of 3-nitrotyrosine (3-NT)

Nitration of proteins is another form of protein oxidation

(Castegna et al. 2003). The nitrotyrosine content was

determined immunochemically as previously described

(Drake et al. 2003). Briefly, samples were incubated with

Laemmli sample buffer in a 1:2 ratio (0.125 M Trizma

base, pH 6.8, 4% sodium dodecyl sulphate, 20% glycerol)

for 20 min. Proteins (5 lg) were then blotted onto the

nitrocellulose paper using the slot-blot apparatus and

immunochemical methods as described above for protein

carbonyls. The rabbit anti-nitrotyrosine antibody (1:1000

dilution) (Sigma-Aldrich, St Louis, MO, USA) at 4�C over

night and at room temperature for 3 h was used as the

primary antibody and HRP-conjugated goat anti-rabbit

antibody (1:1500, Dako, Glostrup, Denmark) at room

temperature for 2 h was used for detection. Blots were then

scanned by Adobe Photoshop program, and densitometric

analysis of bands in images of the blots was used to cal-

culate levels of 3-NT. A small background of the primary

antibody binding to the membrane was found, but this was

scattered from both control and subject blots.

Measurement of 4-hydroxynonenal (HNE)

HNE is a marker of lipid oxidation and the assay was

performed as previously described (Lauderback et al.

2001). Briefly, 10 ll of sample was incubated with 10 ll of

Laemmli buffer containing 0.125 M Tris base, pH 6.8, 4%

(v/v) SDS and 20% (v/v) glycerol. The resulting sample

(5 lg) was loaded per well in the slot-blot apparatus con-

taining a nitrocellulose membrane under vacuum pressure.

The membrane was blocked with a solution of 5% non-fat

dried milk in Tris-buffered saline (TBS) solution and incu-

bated with a 1:200 dilution of anti-4-hydroxynonenal (HNE)

polyclonal antibody (Alpha diagnostic, Vinci-Biochem,
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Vinci, Italy) at 4�C over night and 3 h at room tempera-

ture. An anti-rabbit IgG alkaline phosphatase secondary

antibody (Dako, Glostrup, Denmark) was diluted 1:1,500

in a solution of 5% non-fat dried milk in Tris-buffered

saline (TBS) solution and added to the membrane for 2 h

at room temperature. Blots were dried, scanned with

Adobe Photoshop program and quantified by Scion Image.

A small background of the primary antibody binding to the

membrane was found, but this was scattered from both

control and subject blots.

Superoxide dismutase activity

SOD total was measured using a buffer (G buffer) that

contained 0.05 M glycine, 0.1 M NaOH and 0.1 M NaCl,

pH 10.3 and epinephrine. The reaction was monitored in a

96-well plate reader by measuring the decrease of absor-

bance at 480 nm.

p21 Transactivation assay

As much as 1 lg of p21-luc plasmid (gifted by Varda

Rotter, Weizmann, Israel) was transfected into HEK, HEK-

APP cells and HEK-APPmut cells. After 24 h the cells

were treated with 1 mM H2O2 pulse for 5 min. After 4 h

cell lysates were harvested and assayed for luciferase

activity using the Dual Luciferase Reporter Assay System

(Promega, Madison, WI, USA) and a 1450 microbeta

Trilux counter (Perkin Elmer, MA, USA). In all experi-

ments, cell extracts were equalized for total proteins.

ROS production in mitochondria

Mitochondrial ROS production was analysed in real time

by a video-rate confocal microscopy-based method.

Briefly, cells were plated in wells with glass dish and after

24 h resuspended in physiological buffer containing the

ROS Detection Reagent (CM-H2CFDA) at the final

concentration of 1 lM. Cells were also loaded with

Mitotracker Deep Red 633 FM (100 nM) (Invitrogen,

Milan, Italy) for 450 in 5% CO2 at 37�C for mitochondrial

localization. Oxidative insult was performed exciting the

cells at increasing laser intensity (from 4% to 9%) and

CM-DCF fluorescence intensity was selectively recorded in

mitochondria. Fluorescence emission intensity was calcu-

lated as average green level value per pixel and corrected

for background.

Immunoprecipitation analysis

To analyse p53 conformation, cells were lysed in immu-

noprecipitation buffer (10 mM Tris, pH 7.6; 140 mM

NaCl; and 0.5% NP40 including protease inhibitors) for

20 min on ice, and cell debris was cleared by centrifuga-

tion. Protein content was determined by a conventional

method (BCA protein assay Kit, Pierce, Rockford, IL).

Before immunoprecipitation experiments, an aliquot of

10 lg of protein extracts from each individual sample was

processed for Western blot analysis and probed with anti-b
tubulin antibody to validate protein content measurements

(data not shown). Based on the previous results, 100 lg of

protein extracts were used for immunoprecipitation

experiments performed in a volume of 500 ll. To prevent

non-specific binding, the supernatant of immunoprecipi-

tated samples was pre-cleared with 10% (w/v) protein A/G

(50 ll) (Santa Cruz Biotechnology Inc., Heidelberg,

Germany) for 20 min on ice, followed by centrifugation.

For immunoprecipitation of p53, 1 lg of the conformation-

specific antibodies PAb1620 (wild-type specific) (Calbio-

chem, EMB Bioscience, La Jolla, CA, USA), PAb240

(mutant specific) (Neomarkers-Lab Vision, Fremont, CA,

USA) or PAbBP53.12 (Neomarkers-Lab Vision, Fremont,

CA, USA) (recognizing both wild-type and mutant p53)

were added to the samples overnight at 4�C. Immuno-

complexes were collected by using protein A/G suspension

and washed 5 times with immunoprecipitation buffer.

Immunoprecipitated p53 was recovered by resuspending

the pellets in Laemmli sample buffer. Western blot was

performed using as primary antibody the polyclonal anti-

p53, antibody CM1 (Novocastra, Newcastle, UK) at a

1:1,000 dilution, anti-HNE and anti-3NT antibodies men-

tioned above.

Reactive oxygen species detection

Detection of intracellular ROS was performed as previ-

ously described (Uberti et al. 2007): cell cultures grown on

35-mm dishes were incubated with 10 lM 20,70-dichloro-

fluorescin (DCF) diacetate (Molecular Probes, Eugene,

OR, USA) for 30 min at 37�C after a time course with

different Ab species. The cells were then rinsed with

Kreb’s ringer solution. Intracellular esterases convert DCF

diacetate to anionic DCFH which is trapped in the cells.

The fluorescence of DCF, formed by the reaction of DCFH

with ROS was examined with Fusion TM Master (Packard

Bioscience Company).

Statistical evaluation

Results are expressed as mean values ± standard error.

Statistical significance of differences was determined

by mean values of the one way ANOVA, followed by

Bonferroni test. Significance was accepted for a p

value \ 0.05.
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Results

Characterization of HEK-APPwt

and HEK-APPmut cells

In our laboratory, several clones of cells overexpressing wt

or mutant APP were developed. The choice of the two

clones used for the present study was limited by their

ability to express comparable APP levels. Thus, HEK-

APPwt and HEK-APPmut cells were first characterized for

APP overexpression (Fig. 1, upper panel) and Ab peptide

load (Fig. 1, lower panel). As reported in a representative

Western blot, the two clones, stable transfected with either

APPwt or APPmut, expressed similar APP levels and

higher than those found in non-transfected cells (Fig. 1,

upper panel). Ab1–40 and Ab1–42 were measured using an

ELISA kit in cell extracts and cell media. HEK-APPwt

expressed and released into the medium a higher amount of

Ab1–40, while HEK-APPmut expressed and released pre-

dominantly the 42-length peptide. The calculated ratio

Ab1–42/Ab1–40 values were significantly higher in HEK-

APPmut cells in comparison with HEK-APPwt clone both

in the medium and cellular extracts.

HEK-APPwt, HEK-APPmut and non-transfected cells

were then exposed to a toxic oxidative injury. In particular,

the two clones and non-transfected cells were challenged

for a brief period of time with 1 mM H2O2; then H2O2

medium was replaced with fresh medium and cells were

incubated for an additional 24 h. After that period of time,

the MTT assay was performed. Results reported in Fig. 2

show that a H2O2 pulse to non-transfected cells caused

about 50% cell death. Overexpression of wt or mut APP

rendered the cells less sensitive to H2O2. As shown in

Fig. 2, the cytotoxic effects induced by H2O2 were sig-

nificantly reduced in both APP-transfected cells, leading to

about 20% of cell death in HEK-APPwt and 40% of cell

death in HEK-APPmut cells. The different response of the

APP-transfected cells was statistically significant (p \ 0.05

HEK-APPwt vs. HEK-APPmut), indicating that HEK-

APPmut cells are more sensitive to an oxidative insult in

comparison with HEK-APPwt.

p53 intracellular signalling in HEK-APPwt

and HEK-APPmut

Among death pathways activated by ROS, the p53 intra-

cellular signalling is one of the most characterized (John-

son et al. 1996; Gansauge et al. 1997; Uberti et al. 1999;

Nakamura and Sakamoto 2001). Here, we studied p53

signalling by measurement of protein levels, transcriptional

activity and its conformational state in HEK-APPwt, HEK-

APPmut and non-transfected cells. In non-transfected cells

H2O2 exposure caused an increase of p53 levels at 30 min,

which declined at 4 h (Fig. 3, panel A). Induction of p53 in

non-transfected cells was followed by transcriptional acti-

vation of p21/waf1 luciferase promoter (Fig. 3, panel B)

and increased expression of p21/waf1 protein (Fig. 3, panel

A). This is a well-characterized pattern of p53 pathway

response observed in many cell phenotypes. In contrast, in

HEK-APPwt, p53 was already high in basal condition, and

H2O2 treatment did not induce any significant change,

while in HEK-APPmut oxidative injury induced a slight

increase of p53 that was evident at 1 h after the insult

(Fig. 3, panel A). On the other hand, independently from

the p53 response in the two clones, p53 intracellular

Fig. 1 Characterization of HEK-APPwt and HEK-APPmut cells.

Upper panel Western blot analysis of total cellular extracts from

HEK, HEK-APPwt and HEK-APPmut cells was performed with

monoclonal 2C11 antibody. Tubulin expression was used to normal-

ize the samples. Lower panel levels of Ab1–40 and Ab1–42 peptides

were measured with a commercial ELISA kit in the cellular extracts

and conditioned media of HEK-APPwt and HEK-APPmut cells.

Values are expressed as mean ± SEM of at least 3 different

experiments

Fig. 2 Sensitivity of HEK, HEK-APPwt and HEK-APPmut cells to

oxidative insult. HEK, HEK-APPwt and HEK-APPmut cells were

treated for 5 min with 1 mM H2O2, and then replaced with fresh

medium. After incubation of the cells for additional 24 h, the cell

vulnerability was measured by MTT assay. The data were expressed

as % of cell survival versus control. Values are expressed as

mean ± SEM of at least 3 different experiments. *p \ 0.01 HEK-

APPwt versus corresponding control, **p \ 0.01 HEK-APPmut

versus corresponding control, ***p \ 0.05 HEK-APPmut versus

HEK-APPwt
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signalling was compromised in both clones, as shown by

lack of increased transcriptional activation of p21/waf1

luciferase promoter (Fig. 3, panel B) and p21/waf1 protein

expression (Fig. 3, panel A) after H2O2 injury. Finally,

HEK-APPwt and HEK-APPmut expressed a ‘‘mutant like’’

p53 isoform, recognized by PAb 240 antibody, which binds

to an epitope that is masked when the protein is in the wt

conformation and is revealed when the protein is in

unfolded tertiary structure. A PAb 1620-positive p53 band

representing the p53 wild type isoform, is also present in

the two clones and non-transfected cells (Fig. 3, panel C).

Oxidative profile in HEK-APPwt

and HEK-APPmut cells

HEK-APPwt and HEK-APPmut cells were compared in

terms of redox profile. As an index of redox state, we

evaluated the levels of different oxidative markers, which

are the final products of oxidation and nitrosylation

processes. In particular, we focused on protein-bound

4-hydroxy-2-nonenal (HNE), which is one of the main

products of lipid peroxidation (Markesbery and Lovell

1998; Butterfield et al. 2002; Uchida 2003); 3-nitrotyrosine

(3NT), which, via peroxynitrite, results in the addition of a

nitro group to tyrosine residues, and protein carbonyls

(PC), which is an established indicator of ROS-mediated

protein oxidation (Butterfield and Stadtman 1997; Castegna

et al. 2003; Sultana et al. 2006�, 2006b, 2009).

HNE, 3NT and PC products were measured in HEK-

APPwt and HEK-APPmut cells by using dot-blot technique

(Butterfield et al. 2006; Perluigi et al. 2006; Sultana and

Butterfield 2008). The results are shown in Fig. 4. Protein-

bound HNE and 3NT levels were significantly higher in

HEK-APPmut in comparison to HEK-APPwt cells (Fig. 4,

panels A and B). Protein-bound HNE and 3NT levels in

HEK-APPwt were, also, higher than those found in HEK

non-transfected cells (Fig. 4, panels A and B). PC levels

were found increased in HEK-APPwt and HEK-APPmut in

comparison with HEK non-transfected cells, however, no

differences in terms of PC markers were observed between

HEK-APPwt and HEK-APPmut (Fig. 4, panel C).

As an additional index of cell redox state, we evaluated

mitochondrial ROS levels using confocal microscopy

technology in living cells after exposure to increasing laser

light intensity. This technique has been well recognized to

cause an oxidative damage (Dugan et al. 1995; Kweon

et al. 2001; Alexandratou et al. 2005). In HEK-APPmut

cells, increasing light intensity was associated with

increased mitochondrial ROS generation (green fluores-

cence). On the other hand, HEK-APPwt mitochondria

produced a very low amount of ROS in comparison with

HEK-APPmut cells, at each laser intensity examined

(Fig. 5).

Antioxidant enzymes contribute to the assessment of the

oxidative profile of cells (Valko et al. 2007). Increased

oxidative stress is, in fact, the result of imbalance between

oxidants and antioxidants (Gutteridge and Halliwell 2000;

Halliwell 2007, 2009). Thus, we evaluated the enzyme

activity and protein expression of superoxide dismutase

(SOD), which is one of the most important antioxidant

Fig. 3 p53 intracellular signal in HEK, HEK-APPwt and HEK-

APPmut cells. a HEK, HEK-APPwt cells and HEK-APPmut cells

were treated for 5 min with H2O2 1 mM, followed by incubation with

fresh medium for different times (300, 1 h, 4 h). p53 and p21/waf1

expression were evaluated by Western blotting analysis with specific

antibodies as described in ‘‘Materials and methods’’ section. Tubulin

expression was used to normalize the samples. b HEK, HEK-APPwt

and HEK-APPmut cells were transfected with p21 luc-promoter and

24 h later they were treated with H2O2. As much as 4 h after H2O2

pulse, cells were processed for measurement of luciferase activity.

Data were expressed as luciferase activity over lg proteins. *p \ 0.01

H2O2 treated HEK versus corresponding control. c Protein extracts

derived from HEK, HEK-APPwt and HEK-APPmut cells were

immunoprecipitated with the following antibodies: PAb240 (specific

for ‘‘mutant’’ unfolded conformation) and PAb1620 (specific for

wild-type folded conformation). Immunoprecipitates were analysed

by Western blot with the CM1 polyclonal anti-p53 antibody
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enzymes, before and after H2O2 treatment. SOD catalyses

the dismutation of the superoxide anion into hydrogen

peroxide and molecular oxygen (Maier and Chan 2002;

Sultana et al. 2008). SOD activity in basal condition did

not differ among the two clones and non-transfected cells.

Figure 6, panel A, reported the percent increase of SOD

activity after 1 h H2O2 exposure in the two APP clones and

HEK cells. H2O2 treatment induced a 90% increase in SOD

activity in HEK cells. Surprisingly, in HEK-APPwt cells,

SOD activity increased by about 136% after 1 h H2O2

insult. In contrast, the APPmut clone responded to H2O2

increasing SOD activity by about 80% with respect to basal

condition. The reduced induction of H2O2-triggered SOD

activity found in HEK-APPmut cells, in comparison to

HEK-APPwt, was associated with an increased H2O2-

induced generation of oxidative stress. As shown in Fig. 6,

panel B, the percentage increase of PC, HNE and 3NT

markers induced by H2O2, was statistically higher in HEK-

APPmut cells in comparison with those found in HEK-

APPwt cells. At variance, HEK-APPwt clone appeared to

be protected against oxidative stress injury, since oxidative

markers resulted lower than those found in HEK cells after

H2O2 exposure.

H2O2 exposure induced a fast increase of SOD1

expression, and a more delayed enhancement of SOD2 in

HEK non-transfected cells (Fig. 6, panel C). In HEK-AP-

Pwt SOD1 expression was also rapidly induced by H2O2,

however, it apparently declined already 1 h after the injury.

On the other hand, SOD2 was activated very early after the

lesion in HEK-APPwt clones. HEK-APPmut expressed, in

basal condition high levels of SOD1 and SOD2 proteins,

and after H2O2 treatment both SOD1 and SOD2 expression

levels were found unchanged or even decreased.

Effects of soluble Ab1–40 and Ab1–42

on cell vulnerability, p53 conformational

state and redox profile

We previously demonstrated that resistance to genotoxic

insults and the p53 conformational changes in HEK-APPwt

were mediated, at least in part, by Ab peptides (Uberti

et al. 2007). Here, HEK cells were exposed to nanomolar

concentration of both Ab1–40 and Ab1–42, and cell vulner-

ability, p53 conformational state and redox profile were

evaluated. In particular, HEK cells were pre-treated for

48 h with Ab1–40 and Ab1–42 at different concentrations

ranging from 0.02 to 10 nM, and then they were challenged

with H2O2 as described in ‘‘Materials and methods’’

section. At any examined concentration both Ab1–40 and

Ab1–42 protected the cells against oxidative insult (Fig. 7,

panel A). Figure 7, panel B shows the effects of Ab pep-

tides on p53 conformational state. HEK cells pre-treated

with 10 nM Ab1–40 or Ab1–42 expressed a p53 isoform

immunoreactive to PAb 240 antibody (unfolded p53), in

addition to PAb 1620 positive p53 isoform (WT p53)

(Fig. 7, panel B). Ab1–40 and Ab1–42 pre-treated cells were

also evaluated in terms of ROS generation. Soluble Ab1–42

induced a 10% increase in ROS generation over the control

at 24 h. In contrast, ROS generation induced by Ab1–40 was

lower at least until 48 h (Fig. 7, panel C). Exposure to

soluble nanomolar concentration of Ab1–40 and Ab1–42 did

not influence SOD1 expression (Fig. 7, panel D). At vari-

ance SOD2 expression was found significantly enhanced in

Fig. 4 Oxidative profile in HEK, HEK-APPwt and HEK-APPmut

cells. Dot-blot analysis on protein extracts derived from HEK, HEK-

APPwt and HEK-APPmut cells were performed using specific

antibodies against oxidative stress markers: protein-bound HNE (a),

3NT (b) and PC (c). Tubulin expression was used to normalize the

samples. Bars represented mean ± SEM of at least 3 different

experiments. For protein-bound HNE levels: *p \ 0.01 HEK-APPwt

versus HEK, #p \ 0.001 HEK-APPmut versus HEK; §p \ 0.001

HEK-APPmut versus HEK-APPwt. For 3NT levels: *p \ 0.05 HEK-

APPwt versus HEK, #p \ 0.01 HEK-APPmut versus HEK;
§p \ 0.001 HEK-APPmut versus HEK-APPwt. For PC levels:

*p \ 0.05 HEK-APPwt versus HEK, #p \ 0.05 HEK-APPmut versus

HEK
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Ab1–40 treated cells in comparison to those challenged with

Ab1–42 peptide and untreated cells. On the other hand the

total activity of SOD enzyme was found increased both in

Ab1–40 and Ab1–42 treated cells in comparison with

untreated cells, being Ab1–40 effects more pronounced than

Ab1–42 (Fig. 7, panel D).

Discussion

Here, we show that overexpression of either wt or mut

APP, although with a different degree, rescues the cells

against H2O2-induced death. When comparing non-trans-

fected cells with the two clones, it seems clear that the

overexpression of wt or mut APP prevented H2O2 induced

cell death. However, HEK-APPwt was more resistant to

oxidative stress than HEK-APPmut. To better investigate

such different behaviour in terms of H2O2-induced cell

survival, the two cellular phenotypes were characterized in

terms of Ab load, p53 intracellular signalling and oxidative

profiles.

Overexpression of wt or mut APP induced an increased

production of Ab peptides, in comparison with non-trans-

fected cells. HEK-APPwt produced a large amount of

Ab1–40, whereas the mutant clone expressed predominantly

the 42 amino acids length peptide. These results are

consistent with previous data indicating that the most

consistent effect of APP-related mutations was not a net

gain of total Ab but rather an increase in the ratio of

Ab1–42/Ab1–40 (Dutescu et al. 2009).

The first question arising from our finding is whether or

not amyloid peptides, as APP metabolic products, were

implicated in cell survival. Growing evidence suggests that

Ab has important physiological roles and, at low levels,

may even be crucial for cell survival (Kaltschmidt et al.

1999; Kuperstein et al. 2004; Goto et al. 2006; Pearson and

Peers 2006; Tardito et al. 2007). That Ab peptides exert a

survival role in specific cell phenotypes was demonstrated

by Plant et al. (2003), who showed that, in primary cultures

of central neurons and other neuronal cell lines, inhibition

of endogenous Ab production, by exposure to inhibitors

either of b or c secretases, or immunodepletion of Ab,

caused neuronal death. Furthermore, nanomolar concen-

tration of Ab1–40 was involved in endothelial cell survival,

stimulating FGF2 mRNA and protein expression (Cantara

et al. 2005). We also demonstrated that HEK cells exposed

to 10 nM Ab1–40 protected cells against doxorubicin (Uberti

et al. 2007). It is noteworthy that the majority of these

studies have been performed by using the 1–40 amino acid

length Ab peptide. Kim et al. (2007) with an elegant Tg

mice model, in which mice that selectively expressed

Ab1–40 were crossed with Tg mice expressing exclusively

Ab1–42, demonstrated that Ab1–40 antagonized Ab1–42

effects. On the other hand, soluble nanomolar concentration

Fig. 5 Mitochondrial ROS levels in HEK, HEK-APPwt and HEK-

APPmut. Upper panel using confocal microscopy technology, ROS

production was followed during increased % of 488 nm laser intensity

(green) in HEK, HEK-APPwt and HEK-APPmut living cells.

Mitochondria were staining in red by using Mitotracker Deep Red

633 FM. Lower panel quantitative analysis of fluorescence intensity

measured in HEK, HEK-APPwt and HEK-APPmut cells after

different % of laser intensity. Data were expressed as % of optical

density per pixel and corrected for background, and represent the

mean value of at least three different cellular preparations. *p \ 0.01

HEK-APPwt versus HEK and HEK-APPmut
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of both Ab1–40 and Ab1–42 protected cells against oxidative

injury, suggesting that, at least in a peripheral cellular

model, the two peptides shared the same protective func-

tion. But, it is striking to remind that synthetic Ab1–40 and

Ab1–42 peptides do not show all the properties of Ab pep-

tides naturally generated in the brain (Shankar et al. 2007,

2008; Selkoe 2008).

Both HEK-APPwt and HEK-APPmut showed impair-

ment in p53 intracellular signalling, as demonstrated by

lack of p53 and p21/waf1 protein induction. This could be

due to an altered conformational structure adopted by the

protein in the two clones. These data confirmed our pre-

vious results in APP wt clone (Uberti et al. 2007), and gave

new insight in the context of mutant APP. It appears that

p53 belongs to a growing list of transcriptional activators

which are post-transcriptionally regulated by redox mod-

ulation (Hainaut and Milner 1993; Sun and Oberley 1996;

Verhaegh et al. 1997). In fact, as a result of protein oxi-

dation, 9 out of the 12 cysteine residues in p53 localized in

the central DNA-binding domain can be subjected to

disulphide bound formation thus altering the tertiary

structure of the protein. In this abnormal conformation,

p53 loses the capability to trans-activate its target genes

(Parks et al. 1997). The conformational unfolded p53

found both in HEK-APPwt and in HEK-APPmut may

explain the resistance of both cell clones to oxidative

insult. Similarly Ab1–40 and Ab1–42 treatments induced p53

conformational changes on HEK cells, suggesting that

among APP metabolic products, the short peptides seemed

to be those mainly involved. On the other hand the

involvement of the other APP metabolic products, such as

sAPPa, on p53 conformational changes was previously

excluded (Uberti et al. 2007). Furthermore, Ab peptides

have been found to induce p53 conformational changes in

many cell phenotypes, such as fibroblast (Lanni et al.

2007), neuroblastoma cells and also cortical neurons (data

not shown). It is well known that Ab itself is pro-oxidant

(Butterfield 1997; Boyd-Kimball et al. 2005; Cenini et al.

2009) and we also demonstrated that especially Ab1–42

induced ROS generation in vitro.

Thus, we hypothesised that, if APP amyloidogenic

products have a role in inducing p53 conformational

changes, they may influence, directly or indirectly, the

redox state of the protein.

Fig. 6 Redox profile in HEK, HEK-APPwt and HEK-APPmut cells

after oxidative insult. a The enzymatic activity of SOD, was measured

in HEK, HEK-APPwt and HEK-APPmut cells in basal condition

and after exposure to H2O2 using a specific assay (see ‘‘Materials and

methods’’ section). Data were expressed as % increase of SOD

activity after 1 h H2O2 treatment. *p \ 0.001 HEK-APPwt versus

HEK. b Dot-blot analysis with specific antibodies recognizing

oxidative stress markers (HNE, 3NT and PC) in HEK, HEK-APPwt

cells and HEK-APPmut cells before and after H2O2 pulse. Data were

expressed as % increase of oxidative markers after 1 h H2O2

treatment. For protein-bound HNE levels: *p \ 0.01 HEK-APPwt

versus HEK, #p \ 0.001 HEK-APPwt versus HEK-APPmut. For 3NT

levels: *p \ 0.01 HEK-APPwt versus HEK, #p \ 0.01 HEK-APPwt

versus HEK-APPmut. For PC levels: *p \ 0.01 HEK-APPwt versus

HEK, #p \ 0.05 HEK-APPwt versus HEK-APPmut. c Western

blotting analysis using anti-SOD1 and anti-SOD2 antibodies in

HEK-APPwt, and HEK-APPFADmut, and HEK untransfected cells in

basal conditions and after different time following H2O2 exposure.

Tubulin expression was used to normalize the samples
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To figure out whether unfolded p53 isoform was the result

of oxidative environment, the redox profiles of HEK-APPwt

and HEK-APPmut were studied. Measurement of oxidative

markers pointed out some differences between HEK-APPwt

and HEK-APPmut. Although protein-bound HNE, 3NT and

PC markers were increased both in HEK-APPwt and in

HEK-APPmut in comparison with HEK non-transfected

cells, the levels of oxidative stress in the mutant clone was

higher than those found in HEK-APPwt. In particular, HNE

Michael adducts, products of lipid peroxidation, and 3NT,

products of nitrosylation, were found statistically enhanced

in HEK-APPmut cells, in comparison with HEK-APPwt.

These data matched well with the findings observed in

mitochondria. Evaluating living single cells, by confocal

microscopy, during increasing laser intensity (that resem-

bled an oxidative stress injury) (Bassoe et al. 2003), an

higher increase in ROS production inside mitochondria was

reported in HEK-APPmut cells in comparison with those

found in HEK-APPwt cells. Already at 4% laser exposure,

that represents the basal condition, an increase in ROS

production was found in cells overexpressing APPmut in

comparison with HEK-APPwt cells. Furthermore, mito-

chondrial ROS generation in HEK-APPwt were even lower

than that measured in HEK non-transfected cells. These

findings suggest that HEK-APPwt cells were, in some way,

more protected against oxidative stress. Ab1–40 and Ab1–42-

induced ROS generation could resemble what we observed,

respectively, in HEK-APPwt with Ab1–42/Ab1–40 ratio of

0,41 pg/mg and HEK-APPmut with Ab1–42/Ab1–40 ratio of

1.3 pg/mg.

Oxidative stress develops when the well-regulated bal-

ance between pro-oxidants and antioxidants gets out of

control in favour of the pro-oxidants (Harman 1988, 2006).

In our experimental models total SOD activity was not

dramatically different in two clones and non-transfected

cells. Surprisingly, when cells were exposed to an oxida-

tive injury, an increased SOD activity was observed in

HEK-APPwt cells, but not in HEK-APPmut, in comparison

with control cells. Differently both Ab1–40 and Ab1–42

treatments induced a significant increase in SOD activity,

with Ab1–40 being more efficient in inducing this effect.

The differences observed in HEK cells overexpressing

APPwt and APPmut and synthetic Ab peptide treatments

can be attributed to establishment of compensatory

responses occurring in stable transfected clones. Moreover,

in HEK-APPwt, mitochondrial SOD2 protein levels were

induced very rapidly, already 30 min after H2O2 exposure,

thus explaining the lower ROS production in mitochondria

Fig. 7 Effects of Ab1–40 and Ab1–42 on cell vulnerability against

oxidative injury, p53 conformational state and redox profile. a HEK

cells were pre-treated with different nanomolar concentration of

Ab1–40 (grey bar) and Ab1–42 (black bar) and then challenged with

H2O2 pulse. After 24 h cell vulnerability was measured by MTT

assay. The data were expressed as % of cell survival versus control.

*p \ 0.05 versus the corresponding control values, #p \ 0.01 versus

the corresponding control values. b Protein extracts derived from

HEK cell treated for 48 h with Ab1–40 or Ab1–42 were immunopre-

cipitated with the following antibodies: PAb240 (specific for

‘‘mutant’’ unfolded conformation) and PAb1620 (specific for wild-

type folded conformation). Immunoprecipitates were analysed by

Western blot with the CM1 polyclonal anti-p53 antibody. c ROS

generation inside the cells was measured using DCF fluorescence 24

and 48 h after Ab1–40 (circle) and Ab1–42 (square) treatment. Data

represent means ± SEM of at least three different experiments from

three separate cell preparations. *p \ 0.001 versus the corresponding

control values, #p \ 0.01 versus the corresponding control values.

d Quantitative analysis of SOD1 and SOD2 expression and SOD

activity after Ab1–40 and Ab1–42 treatment. *p \ 0.001 Ab 1–40

treated versus untreated cells; *p \ 0.01 Ab 1–42 treated versus

untreated cells
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after exposure to laser stimulation, and the less sensitivity

to oxidative injury in comparison with HEK-APPmut and

non-transfected cells. At this regards, different studies

(Huang et al. 1997; Kasahara et al. 2005; Takada et al.

2009) have correlated high expression of SOD2 with cell

survival. SOD2 as well as SOD1 expressions were already

high in basal condition in HEK-APPmut. This could be

related to the high levels of oxidative stress that this clone

expressed. However, when an acute oxidative injury occurs

SOD protein levels did not change or even decrease in

HEK-APPmut. It is noteworthy that Ab1–40, but not Ab1–42,

exposure increased SOD2 expression. Differently both

Ab1–40 and Ab1–42 peptides did not essentially modify the

expression of SOD1 proteins in comparison with untreated

cells. These results suggested that the increased SOD

activity induced by and Ab1–42 peptides did not necessarily

require protein transcription. On the other hand the effects

of Ab1–40 on SOD2 expression seems to resemble what was

observed in HEK-APPwt clone.

According to ‘‘hormesis theory’’ (Calabrese and Baldwin

1998; Toussaint et al. 2002), sub-lethal exposure to stress-

ors induces a compensatory adaptive response that results in

stress resistance. At this regard, it has been shown that when

cells are exposed repeatedly to low doses of H2O2, they

became resistant towards subsequent higher amount of ROS

that would be lethal without pre-treatment (Janssen et al.

1993). In our model (HEK-APPwt cells), low amount of

oxidative stress, as that found in basal condition, may exert

a beneficial effect that at a higher intensity results harmful.

In this condition, all antioxidant systems are alerted, and

when an acute injury occurs, they are soon ready to act. At

variance, HEK-APPmut cells lose this stress resistance

probably because the degree of oxidative stress is too high

and antioxidant enzymes are already compromised.
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