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Abstract This study was designed to investigate the pro-

tective effects of extracellular superoxide dismutase

(SOD3) against amyloid beta (Ab25–35)-induced damage in

human neuroblastoma SH-SY5Y cells and to elucidate the

mechanisms responsible for this beneficial effect. SH-

SY5Y cells overexpressing SOD3 were generated by ade-

noviral vector-mediated infection and Ab25–35 was then

added to the cell culture system to establish an in vitro

model of oxidative stress. Cell viability, the generation of

intracellular reactive oxygen species (ROS), the expression

and activity of antioxidant enzymes, the levels of lipid

peroxidation malondialdehyde (MDA), the expression of

mitochondrial apoptosis-related genes and calcium images

were examined. Following Ab25–35 exposure, SOD3 over-

expression promoted the survival of SH-SY5Y cells,

decreased the production of ROS, decreased MDA and

calcium levels, and decreased cytochrome c, caspase-3,

caspase-9 and Bax gene expression. Furthermore, SOD3

overexpression increased the expression and activity of

antioxidant enzyme genes and Bcl-2 expression. Together,

our data demonstrate that SOD3 ameliorates Ab25–35-in-

duced oxidative damage in neuroblastoma SH-SY5Y cells

by inhibiting the mitochondrial pathway. These data pro-

vide new insights into the functional actions of SOD3 on

oxidative stress-induced cell damage.

Keywords Oxidative stress � Extracellular superoxide

dismutase � Mitochondrial pathway � Antioxidant

enzymes � Reactive oxygen species

Introduction

Alzheimer’s disease (AD) is the most common type of

dementia in the elderly. AD is a progressive neurodegen-

erative disorder clinically characterized by cognitive

decline that includes impairment in learning, episodic

memory, decision making and orientation (Blennow et al.

2006). One of the major histopathological features of AD is

the appearance of extracellular amyloid plaques that are

composed principally of fibrillar b-amyloid (Ab) peptide

(Wilquet and De Strooper 2004). Ab neurotoxic effects

have been reported to be a hallmark of AD in vitro and

in vivo.

Ab invokes a cascade of oxidative damage to neurons

and eventually leads to neuronal death in AD (Zhang et al.

2010). A previous study has demonstrated that Ab gener-

ates free radicals in the synaptosomal membranes in the

neocortex after fragmenting (Hensley et al. 1995). Another

study has demonstrated that Ab leads to free radical-

induced oxidative stress, resulting in peroxidation and cell

death (Markesbery and Carney 1999). Zhang et al. (2010)

indicated that intracellular ROS levels markedly increased

in a cellular model of AD induced by Ab25–35. The gen-

eration of reactive oxygen species (ROS), such as hydrogen
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peroxide and hydroxyl radicals, induced by Ab is a key

molecular mechanism underlying the pathogenesis of AD

(Tabner et al. 2010).

ROS, including the superoxide anion radical (O2
-), the

hydroxyl radical (OH) and hydrogen peroxide (H2O2), are

products of normal metabolic reactions in cells and are

usually formed at low levels. Oxidative stress occurs as a

result of an imbalance between ROS formation and the

capacity of antioxidant defences and is widely implicated

in neuronal cell death (Lobo et al. 2010). To offset the

detrimental effects of ROS, the human body has innate

defence mechanisms in the form of antioxidant enzymes

such as superoxide dismutase (SOD), glutathione peroxi-

dase (GPx) and catalase (CAT), among others. Hence, a

series of antioxidants are known to delay or prevent the

oxidation of cellular oxidizable substrates, including pro-

tecting against Ab-induced neurotoxicity (Li et al. 2008).

SOD is the first and most important antioxidant defence

system against ROS, particularly superoxide anion radicals

(Fukai et al. 2002). SOD is responsible for catalyzing the

conversion of superoxide anions into hydrogen peroxide

(Zelko et al. 2002), which is in turn further metabolized

into water and oxygen by CAT. Three forms of SOD,

cytoplasmic SOD (SOD1), mitochondrial SOD (SOD2)

and extracellular SOD (SOD3) are present in mammals

(Miao 2009). SOD activity has been found to be signifi-

cantly lower in the cortex and hippocampus of Tg2576

mice compared with normal mice (Chelikani et al. 2004).

In a previous report, chronic treatment with a low con-

centration of H2O2 (5 lM) was found to decrease SOD2

activity in HeLa cells and the authors concluded that SOD2

activity is affected by ROS (Miguel et al. 2009). SOD2, but

not the cytosolic SOD1, had a protective effect against

oxidative stress-mediated neuronal cell death (Fukui and

Zhu 2010). It has been shown that, although SOD3 is

expressed at lower levels in the brain compared with other

SODs, it is essential for the protection against oxidative

damage (Van Rheen et al. 2011). However, little is known

about the roles of SOD3 in oxidative stress-induced neu-

ronal cell death.

It is well known that ROS play a critical role in the

activation of the apoptotic process via mitochondria-de-

pendent and mitochondria-independent pathways (Sinha

et al. 2013). There is ample literature supporting a crucial

role for mitochondrial dysfunction in AD, with altered

energy metabolism and ROS production being the major

correlates (Lin and Beal 2006). It is widely believed that

Ab is responsible for these mitochondrial alterations,

although the mechanism has not yet been fully elucidated

(Moreira et al. 2010). Mitochondria are essential for the

intrinsic apoptosis pathway, and it has been shown that

mitochondrial dysfunction leads to apoptotic cell death

(Green and Kroemer 2004). Endogenous antioxidants such

as mitochondrial SOD2, which localizes to the mitochon-

drial matrix and catalyses the dismutation of superoxide

radicals, normally regulates the ROS generated in the

mitochondria (Kasahara et al. 2005).

In the present study, we hypothesized that SOD3 over-

expression provides beneficial effects to SH-SY5Y cells

exposed to Ab25–35 and that the beneficial effect of SOD3

against Ab25–35-induced SH-SY5Y cell death occurs via

the mitochondria-dependent pathway.

Materials and Methods

Cell Culture

The SH-SY5Y cell line was a gift from Prof. He Gui-Qiong

at the Chongqing Medical University and was cultured in

DMEM (HyClone, Logan, UT, USA) supplemented with

10 % FBS (Tian Jin Hao Yang Biological Manufacture

CO., LTD, Tianjin, China), 1 % penicillin–streptomycin

(Beyotime Biotechnology, Nantong, China) in an incubator

(Thermo Fisher, USA) at 37 �C in the presence of 5 %

CO2.

Preparation of Aged Ab25–35

As previously described (Liu et al. 2010), 99.6 % pure

Ab25–35 (Sangon Biotech, Shanghai, China) was dissolved

in sterilized double-distilled water at a concentration of

1 mM and incubated in a capped vial at 37 �C for 7 days to

form an aggregated form. The aggregated form of Ab25–35

was used for the subsequent experiments.

Construction of the Ad-SOD3-EGFP Adenoviral

Expression Vector

Ad-SOD3-EGFP, an adenoviral vector containing the

human SOD3 gene and a nuclear-targeted enhanced green

fluorescence protein (EGFP) gene under the control of the

cytomegalovirus (CMV) promoter, was constructed in our

laboratory. Briefly, the Homo sapiens SOD3 gene was

synthesized with insert sites (NotI and HindIII) (Sangon,

Shanghai, China) according to the coding sequence in

GenBank. Then, the restriction enzyme digestion product

of the T vector containing SOD3 and the adenovirus shuttle

vector pDC316-mCMV-EGFP was ligated into pDC316-

SOD3-EGFP by T4 DNA ligase (TaKaRa, Otsu Japan).

pDC316-SOD3-EGFP was linearized by PmeI, trans-

formed into competent DH-5a cells, amplified, extracted

and purified (TaKaRa, Otsu Japan). pDC316-SOD3-EGFP

and pBHGloxDE1, 3Cre were co-transfected into HEK293

cells by LipofectamineTM 2000 (Invitrogen, Carlsbad, CA,

USA) to obtain the adenoviral expression vector Ad-
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SOD3-EGFP. The retrieved virus DNA was amplified by

PCR, and after repeated infections, amplifications and

purifications, the virus titre of adenovirus Ad-SOD3-EGFP

was determined as 1.6 9 1010 IU/ml by the TCID50

method.

Gene Transfer into SH-SY5Y Cells

SH-SY5Y cells were seeded on 6-well plates at

1.5 9 105 cells per well in 1.5 mL of complete growth

culture medium, incubated for 2 h and infected with the

adenoviral expression vector Ad-SOD3-EGFP. Forty-eight

hours after infection, the expression of SOD3 was detected

by semi-quantitative RT-PCR. The primers are listed in

Table 1.

CCK8 Assay

Cell viability was measured by CCK8 assay (cell counting

kit-8, Dojindo Molecular Technologies, Tokyo, Japan).

The SH-SY5Y cells were seeded at 1 9 104 cells per well

in 100 ll of complete growth culture media. The cells were

then exposed to various concentrations of the aggregated

form of Ab25–35 (20, 40, 60, 80, 100 lM) for 6 h. Control

cells were cultured without any treatment. Finally, CCK-8

solution (10 ll/well) was added to the wells. After 2 h

incubation at 37 �C, the absorbance of each well was

determined at 450 nm using a microplate reader.

Cell Proliferation

SH-SY5Y cells were infected with either an empty vector

(Ad-EGFP) or with Ad-SOD3-EGFP for 48 h. Then, SH-

SY5Y cells were treated with Ab25–35 at a final LD50

concentration of 40 lM for 6 h as determined by the CCK8

assay. These results were measured at 450 nm by a

microplate reader and were expressed as the percentages of

control values.

Intracellular Reactive Oxygen Species (ROS) Level

SH-SY5Y cells were incubated with adenoviral expression

vector Ad-SOD3-EGFP for 72 h, and 40 lM Ab25–35 was

added for the final 6 h. The cells were also treated with

40 lM Ab25–35 for 6 h as a control. ROS were detected

with the cell-permeable, peroxide-sensitive fluorophore

(Life Technologies, USA), according to the manufacturer’s

instructions. SH-SY5Y cells were incubated with 5 lmol/l

CellROX Orange reagent for 30 min at 37 �C and then

washed twice with pre-warmed PBS. A Beckman Gallios

flow cytometer (Beckman Coulter, California, USA) was

used to measure ROS by the fluorescence emission of the

CellROX dye. The reported fluorescence intensity values

Table 1 The primers used for

RT-PCR
Product length (bp) Names Sequence(50–30) Length (bp)

587 b-actin CCAAGGCCAACCGCGAGAAGATGAC 25

AGGGTACATGGTGGTGCCGCCAGAC 25

290 SOD1 CAGTGCAGGTCCTCACTTTA 20

CCTGTCTTTGTACTTTCTTC 20

328 SOD2 GGTGGTCATATCAATCATAG 20

AGTGGAATAAGGTTTGTTGT 20

126 SOD3 GCTACTGTGTTCCTGCCTGCT 21

ATCTCCGTGACCTTGGCGTA 20

200 CAT AGGGGCCTTTGGCTACTTTG 20

ACCCGATTCTCCAGCAACAG 20

506 GPx AGAACGCCAAGAACGAAGAG 20

ACAGGACCAGCACCCATCT 19

507 Cytc TCTCAAAGGTGATAGGGACGA 21

GCCTGGGAAATAGAGGTTGC 20

525 Caspase-3 GCATGGTCAAAGGCTCAAAC 20

TGTCTCTGCTCAGGCTCAAA 20

535 Caspase-9 GTCTACGGCACAGATGGATG 20

GCAAGATAAGGCAGGGTGAG 20

555 Bax TTTGCTTCAGGGTTTCATCC 20

CTCAGCCCATCTTCTTCCAG 20

515 Bcl-2 TGTTTGATTTCTCCTGGCTGT 21

TTTCCATCCGTCTGCTCTTC 20
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representing the arithmetic means of the results were

determined for 10,000 analysed cells. The cultured cells

were illuminated at 488 nm and emitted at 525–530 nm.

Semi-quantitative Polymerase Chain Reaction

SH-SY5Y cells were treated as described above for the

ROS level tests and subsequently harvested with 0.25 %

trypsin containing 0.02 % ethylenediaminetetraacetic acid

(EDTA) (Beyotime Biotechnology, Nantong, China). Total

RNA was extracted from the SH-SY5Y cells with TRIzol

reagent according to the manufacturer’s protocol (TaKaRa,

Tokyo, Japan). The reaction system (20 ll) contained

cDNA (5 ll), 10 9 buffer (2 ll), 25 mmol/L

MgCl2 (0.8 ll), 2.5 mmol/L dNTP (2 ll), DNA poly-

merase (0.2 ll; TaKaRa, Tokyo, Japan) and upstream and

downstream primers (1 ll each). PCR amplification con-

ditions were performed as follows: initial denaturation at

95 �C for 5 min, 35 cycles of denaturation at 56 �C for

30 s, annealing at 60 �C for 60 s, elongation at 72 �C for

60 s and final elongation at 72 �C for 7 min. The samples

were analysed by gel electrophoresis on 2.0 % agarose gels

(1 9 TAE buffer) containing 0.5 lg/ml bromoethane,

visualized by imaging with an ultraviolet projection

reflectometer (ChemiDoc MP, Bio-Rad, Hercules, CA,

USA), and quantified by densitometry using ImageJ soft-

ware (Bio-Rad, Hercules, USA). All primers were syn-

thesized by Sangon Biotech (Shanghai, China). The primer

sets are listed in Table 1.

Enzyme Activity Assays

SH-SY5Y cells were treated as described above for the

ROS level tests, after which we assayed the enzyme

activity of the cells. The activities of three enzymes,

superoxide dismutase (SOD; EC1.15.1.1), glutathione

peroxidase (GPx; EC 1.11.1.9) and catalase (CAT;

EC1.11.1.6), were determined using commercial kits

according to the manufacturer’s protocols (Nanjing Jian-

cheng Bioengineering Institute, Nanjing, China). The

enzyme activity assays were carried out using a UV–visible

spectrophotometer (UV-7504, Shanghai, China).

Analysis of Lipid Peroxidation

SH-SY5Y cells were treated as described above, after

which we analysed lipid peroxidation of the cells, which

was determined as the amount of malondialdehyde (MDA)

based on the spectrophotometer measurement of a red-

complex produced during the reaction of thiobarbituric

acid (TBA) with MDA. A microplate reader (UV-7504,

Shanghai, China) was used to measure the absorbance of

cellular MDA at 532 nm, and the MDA content was

calculated according to the detailed instructions of the

MDA assay kit (Nanjing Jiancheng Bioengineering Insti-

tute, Nanjing, China).

Calcium Imaging

SH-SY5Y cells were treated as described above, and we

then used calcium imaging to determine the [Ca2?]i levels

using Fluo-3 AM (Sigma-Aldrich, St. Louis, USA), using

an adaptation of a previously described method (Huang

et al. 2012). Briefly, the prepared cells were loaded with

the fluorescent calcium probe Fluo-3 AM (10 lM) in the

dark for 30 min at 37 �C, washed twice with PBS and

centrifuged at 3009g for 5 min to remove free Fluo-3 AM.

Fluo-3 AM loaded cells were re-suspended, incubated for

20 min at 37 �C and then illuminated at 488 nm, and the

emission light at 543 nm was detected.

Statistical Analysis

All of the experiments were conducted at least three times,

and the representative data are expressed as the

mean ± SD. The SOD3 expression in the SH-SY5Y cells

was evaluated using a t-test, and other comparisons were

evaluated using a one-way ANOVA followed by Tukey’s

test. All of the statistical analyses were performed using

SPSS statistics software, and p\ 0.05 was considered

statistically significant.

Results

SOD3 is Highly Expressed in Infected SH-SY5Y

Cells Under Optimal Conditions

Based on our preliminary data, an MOI value of 100 was

selected as the optimal condition for infection. When the

MOI exceeded 100, infection efficiency no longer

increased, and MOI values of 200 or more led to negative

effects on cell growth. Therefore, adenoviral infection was

performed at an MOI value of 100, and SOD3 transcription

was analysed by semi-quantitative RT-PCR. In infected

SH-SY5Y cells, SOD3 expression was 4.5-fold higher than

in control cells (t0.05/2,6 = 5.1, p\ 0.001, Fig. 1a, b).

SOD3 Overexpression Prevents Ab25–35-Induced

Cell Death in SH-SY5Y Cells

First, we examined the effect of increasing doses of

Ab25–35 (20, 40, 60, 80 and 100 lM) on SH-SY5Y cell

death after 6 h of exposure. As shown by the CCK8 cell

viability assay, exposure of SH-SY5Y cells to Ab25–35

(40 lM) for 6 h resulted in approximately 50 % cell death
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(20 lM Ab25–35 0.7 ± 0.1, 40 lM Ab25–35 0.5 ± 0.1,

60 lM Ab25–35 0.4 ± 0.2, 80 lM Ab25–35 0.3 ± 0.0,

100 lM Ab25–35 0.1 ± 0.3, F0.05/6,6 = 27.5; p\ 0.001,

Fig. 1c). Thus, a concentration of 40 lM Ab25–35 was

chosen for subsequent experiments.

To determine whether SOD3 could prevent Ab25–35-in-

duced cell death, SH-SY5Y cells were incubated for 72 h

with SOD3 adenovirus, followed by incubation with

Ab25–35 for 3 h, and the resulting level of cell death was

observed to significantly decrease (CTRL 1.0 ± 0.0, Ad

1.0 ± 0.0, SOD3-Ad 1.3 ± 0.5, Ab25–35 0.7 ± 0.2,

Ab25–35 ? Ad 0.6 ± 0.1, Ab25–35 ? SOD3-Ad, 1.2 ± 0.1,

F0.05/6,6 = 12.9, p\ 0.001) (Fig. 1d). We excluded further

analysis of adenovirus Ad-EGFP because no beneficial

effect was observed from the infection of SH-SY5Y cells

with Ad-EGFP (Fig. 1d).

SOD3 Overexpression in SH-SY5Y Cells Prevents

the Ab25–35-Induced Activation of the Mitochondria-

Mediated Apoptosis Pathway

Mitochondria-mediated apoptosis has been suggested to be

involved in Ab25–35-induced cell toxicity. We therefore

investigated whether the beneficial role of SOD3 in pre-

venting Ab25–35-induced SH-SY5Y cell death involved the

inhibition of the mitochondria-mediated apoptosis pathway.

Mitochondria-mediated apoptosis requires the interplay of a

number of pro- and anti-apoptotic B-cell lymphoma-2 (Bcl-

2) family proteins and the caspase cascade (Soriano and

Scorrano 2011). To assess the status of the mitochondria-

mediated apoptosis pathway, we measured the levels of the

pro-apoptotic molecules, including cytochrome c, caspase

3, caspase 9, and Bax, as well as the anti-apoptotic molecule

Bcl-2 in SH-SY5Y cells by RT-PCR. Exposure of the cells

to Ab25–35 resulted in significantly higher levels of cyto-

chrome c (29.3 ± 0.9, F0.05/3,3 = 76.7, p\ 0.001), cas-

pase-3 (34.1 ± 1.0, F0.05/3,3 = 631.0, p\ 0.001), caspase-

9 (31.8 ± 0.2, F0.05/3,3 = 17.3, p\ 0.001), Bax

(33.3 ± 0.4, F0.05/3,3 = 52.2, p\ 0.001) and lower levels

of Bcl-2 (20.9 ± 0.8, F0.05/3,3 = 11.6, p\ 0.001) in SH-

SY5Y cells compared with controls (cytochrome c

24.1 ± 0.1, F0.05/3,3 = 76.7, p\ 0.001; caspase-3

19.4 ± 0.2, F0.05/3,3 = 631.0, p\ 0.001; caspase-9

22.6 ± 0.4, F0.05/3,3 = 17.3, p\ 0.001; Bax 24.1 ± 0.2,

F0.05/3,3 = 52.2, p\ 0.001; Bcl-2 25.7 ± 0.4, F0.05/

3,3 = 11.6, p\ 0.001) (Fig. 2). The levels of cytochrome c

CTRL  Ad-SOD3

126bp

589bp β-actin

SOD3

A

C

B

D

Fig. 1 SOD3 was highly expressed in infected SH-SY5Y cells, and

SOD3 overexpression prevented Ab25–35-induced cell death. a SOD3

was highly expressed in neuroblastoma SH-SY5Y cells following

infection with the Ad-SOD3-EGFP adenoviral vector. b SOD3

expression level in SH-SY5Y cells was normalized to the b-actin

expression level, as determined by densitometric analysis

(t0.05,6 = 5.112, p\ 0.001). c SH-SY5Y cells were exposed to

increasing concentrations of Ab25–35 (20, 40, 60, 80, 100 lM) for 6 h,

and cell death was detected by CCK8. d SH-SY5Y cells were exposed

to Ab25–35 (40 lM) for 6 h in the presence or absence of SOD3

overexpression. Data are expressed as the mean ± SD (n = 6).

**p\ 0.001
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(24.1 ± 0.1), caspase-3 (19.4 ± 0.2), caspase-9

(22.6 ± 0.4) and Bax (24.1 ± 0.2) in SOD3-infected SH-

SY5Y cells were significantly lower than those in the cells

treated with Ab25–35 alone (Fig. 2). The level of Bcl-2

(25.7 ± 0.4) in SOD3-infected SH-SY5Y cells was signif-

icantly higher than in cells treated with Ab25–35 alone

(Fig. 2f).

SOD3 Overexpression Modulates the Redox State

in SH-SY5Y Cells

Because oxidative stress has been shown to trigger and sus-

tain the pathogenesis of Ab25–35-induced cell toxicity, we

examined whether SOD3 treatment decreased oxidative

stress by determining the MDA content, and whether treat-

ment restored antioxidant status by determining the gene

expression and enzymatic activities of SOD, CAT and GPx.

In SOD3-infected SH-SY5Y cells, the MDA level

(2.6 ± 0.7, F0.05/3,6 = 14.0, p\ 0.001) was significantly

lower than that in cells treated with Ab25–35 alone (4.6 ± 1.0)

(Fig. 3a). In SOD3-infected SH-SY5Y cells, the expression

levels of SOD1 (25.7 ± 0.7, F0.05/3,6 = 14.2, p = 0.002),

SOD2 (27.8 ± 1.1, F0.05/3,6 = 127.3, p\ 0.001), SOD3

(48.6 ± 6.4, F0.05/3,6 = 85.2, p\ 0.001), CAT (25.3 ± 2.4,

F0.05/3,6 = 12.9, p = 0.002) and GPx (26.2 ± 0.2, F0.05/

3,6 = 37.5, p\ 0.001), and the enzymatic activities of total

SOD (34.2 ± 1.2, F0.05/3,3 = 187.5, p\ 0.001), CAT

(34.0 ± 3.3, F0.05/3,3 = 7.2, p = 0.005) and GPx

(50.2 ± 1.6, F0.05/3,3 = 15.4, p\ 0.001) were significantly

higher than those levels in cells treated with Ab25–35 alone

(SOD1 expression level 21.5 ± 2.2, F0.05/3,3 = 14.2,

p = 0.002; SOD2 expression level 19.6 ± 0.6, F0.05/

3,3 = 127.3, p\ 0.001; SOD3 expression level 11.1 ± 2.7,

F0.05/3,3 = 85.2, p\ 0.001; CAT expression level

19.9 ± 2.1, F0.05/3,3 = 12.9, p = 0.002; GPx expression

level 21.7 ± 0.3, F0.05/3,3 = 37.5, p\ 0.001; total SOD

enzymatic activity 25.5 ± 0.3, F0.05/3,3 = 187.5, p\ 0.001;

CAT enzymatic activity 27.3 ± 5.0, F0.05/3,3 = 7.2,

p = 0.005; GPx enzymatic activity 22.5 ± 3.7, F0.05/

3,3 = 15.4, p\ 0.001) (Fig. 3b–h).

Exposure to Ab25–35 resulted in significantly higher MDA

levels (Fig. 3a), lower SOD1, SOD2, CAT and GPx

expression levels (Fig. 3c–h), and lower SOD, CAT and

GPx enzymatic activities in SH-SY5Y cells compared with

controls (SOD1 expression level 25.9 ± 0.2, F0.05/

3,3 = 127.3, p\ 0.001; SOD2 expression level 24.5 ± 0.3,

F0.05/3, 3 = 127.3, p\ 0.001; SOD3 expression level

14.2 ± 3.6, F0.05/3,3 = 85.2, p\ 0.001; CAT expression

A B C

D E F

Cytochrome c507bp

589bp β-actin

Caspase-3

Caspase-9

Bax

Bcl-2

525bp

535bp

555bp

515bp

CTRL   Aβ   Aβ + Ad-SOD3

Fig. 2 SOD3 overexpression prevents the Ab25–35-induced activation

of the mitochondria-mediated apoptosis pathway in SH-SY5Y cells.

a The expression of mitochondrial apoptotic-related genes was

examined by RT-PCR and cytochrome c (b), caspase-3 (c), caspase-9

(d), Bax (e) and Bcl-2 (f) were normalized to the expression level of

b-actin (F0.05,6 = 3.223, p = 0.027). Data are expressed as the

mean ± SD (n = 6). *p\ 0.05, **p\ 0.001
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level 26.0 ± 0.6, F0.05/3,6 = 12.9, p = 0.002; GPx expres-

sion level 25.6 ± 0.3, F0.05/3,3 = 37.5, p\ 0.001; total

SOD enzymatic activity 23.6 ± 0.9, F0.05/3, 3 = 187.5,

p\ 0.001; CAT enzymatic activity 34.6 ± 3.5, F0.05/

3,3 = 7.2, p = 0.005; GPx enzymatic activity 46.6 ± 6.9,

F0.05/3,3 = 15.4, p\ 0.001) (Fig. 3b–h).

SOD3 Overexpression in SH-SY5Y Cells Decreases

Intracellular ROS Generation

The accumulation of ROS has been observed in Ab25–35-

induced cell toxicity, and mitochondria have been consid-

ered to be the targets sensitive to ROS. To determine

A B

C

F G

D E

H

328bp SOD2

587bp

290bp

β-actin

SOD1

126bp SOD3

506bp GPx

210bp CAT

CTRL   Aβ   Aβ + Ad-SOD3

Fig. 3 SOD3 overexpression modulates the redox state of SH-SY5Y

cells exposure to Ab25–35. a Malondialdehyde (MDA) level in the cell

supernatant was measured by a UV–visible spectrophotometer. b The

enzymatic activities of total SOD (T-SOD), CAT and GPx in the cell

supernatant were determined. c The expression of intracellular

antioxidant enzyme genes was detected by RT-PCR, and the

expression levels of SOD1 (d), SOD2 (e), SOD3 (f), GPx (g) and

CAT (h) were normalized to the expression level of b-actin

(F0.05,6 = 12.877, p\ 0.001). Data are expressed as the mean ± SD

(n = 6). *p\ 0.05; **p\ 0.001
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whether SOD3 could decrease intracellular ROS levels, we

used a ROS-sensitive dye, CellROX Orange. Exposure to

Ab25–35 resulted in significantly higher ROS levels

(127.5 ± 8.0, F0.05/3,3 = 13.7, p = 0.001) in SH-SY5Y

cells compared with controls (106.0 ± 5.7, Fig. 4). The

ROS levels (112.8 ± 5.9) were significantly lower in

SOD3-infected SH-SY5Y cells than those in cells treated

with Ab25–35 alone (Fig. 4).

SOD3 Overexpression Prevents Intracellular Ca21

Overloading in SH-SY5Y Cells

Ca2? overload is associated with mitochondrial dysfunc-

tion, which contribute to apoptosis. Exposure to Ab25–35

resulted in a significantly higher [Ca2?]i (161.7 ± 2.9,

F0.05/3,3 = 13.1, p = 0.002) in SH-SY5Y cells compared

with controls (127.0 ± 11.8, Fig. 5). The [Ca2?]i in SOD3-

infected SH-SY5Y cells (136.7 ± 12.1) was significantly

lower than that in cells treated with Ab25–35 alone (Fig. 5).

Summary of Results

The outcome measures obtained with adenoviral SOD3-

infected SH-SY5Y cells relative to those exposed to

Ab25–35 are listed in Table 2. The analysis of five mito-

chondrial apoptosis molecules, namely cytochrome c,

caspase-3, caspase-9, Bax and Bcl-2, revealed that the

expression of all genes except for Bcl-2 was 42 % higher in

Ab25–35-treated cells compared with controls (range ?21 to

?75 %, all differences significant). However, Bcl-2 gene

expression was 22 % lower compared with controls. In

SOD3-overexpressed cells, the expression of all mito-

chondrial apoptosis molecules except Bcl-2 was 41 %

lower compared with cells treated with Ab25–35 alone

Fig. 4 SOD3 overexpression decreases the generation of intracellular

ROS in SH-SY5Y cells exposure to Ab25–35. The generation of

reactive oxygen species was analysed by flow cytometry in normal

control cells (a), Ab25–35 single-treated SH-SY5Y cells (b) and

SOD3-infected SH-SY5Y cells. c The results were compared across

the different treatments (d). Data are expressed as the mean ± SD

(n = 3). *p\ 0.05; **p\ 0.001

520 Cell Mol Neurobiol (2017) 37:513–525

123



(range -21 to -71 %, all differences significant) but 4 %

higher compared with controls (range -6 to ?7 %, two of

four of the differences were significant). Bcl-2 expression

was similar between controls and SOD3-overexpressed

cells (range: 0 to ?3 %, no difference was significant). The

extracellular enzymatic activities of T-SOD, CAT and GPx

was 36 % higher in SOD3-treated SOD3-overexpressed

cells compared with cells treated with Ab25–35 alone (range

?20 to ?60 %, all differences significant) and 4 % higher

compared with controls (range -1 to ?8 %, two of three

differences not significant). Lipid oxidation (MDA) was

increased by 86 % after SOD3 treatment compared with

that after treatment with Ab25–35 alone and was similar to

the control levels. The expression of enzymes SOD1,

SOD2, GPx and CAT was 22 % higher in SOD3-over-

expressed cells compared with those in cells treated with

Ab25–35 alone (range 16–33 %, all differences significant)

and 5 % higher compared with those in controls (range -3

to ?13 %, three of four differences not significant). After

SOD treatment, the intracellular ROS levels were

decreased 14 % compared with those in cells treated with

Ab25–35 alone and were not significantly different from

controls. Calcium imaging in SOD3-overexpressed cells

was better by 19 % compared with that in cells treated with

Ab25–35 alone and was not significantly different from

controls. In summary, our data demonstrated that SOD3

treatment resulted in a 30 % improvement in all parameters

tested compared with those in cells treated with Ab25–35

alone (range -86 to ?60 %, all differences significant)

because SOD3 treatment restored these parameters to

levels similar to control levels (range -6 to ?13 %, eleven

of fifteen differences not significant).

Discussion

AD is a neurodegenerative disease associated with ageing

and is characterized by the deterioration of memory,

learning and other cognitive functions due to the pro-

gressive loss of neuronal function (Tsunekawa et al.

Fig. 5 SOD3 overexpression prevents intracellular Ca2? overloading

in SH-SY5Y cells exposure to Ab25–35. [Ca2?]i was analysed using

Ca2? imaging in control cells (a), Ab25–35 single-treated SH-SY5Y

cells (b) and SOD3 infected SH-SY5Y cells (c). The results were

compared between different treatments (d). Data are expressed as the

mean ± SD (n = 3). *p\ 0.05; **p\ 0.001
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2008). The cause of AD involves the accumulation of Ab,

oxidative stress, inflammation and dysfunction in several

pathways including hormonal and mitochondrial pathways

(Doraiswamy 2002). The increased proteolytic degrada-

tion of APP and aggregation and deposition of Ab are

considered to be two characteristic pathologies in the

development and progression of AD (Tsunekawa et al.

2008). Ab contributes to synaptic dysfunction and neu-

ronal death and therefore contributes to cognitive

impairment (Roher et al. 2009). Specifically, Ab25–35 is

the core toxic fragment of the full-length Ab peptide (Kim

et al. 2015).

Ab25–35 can permeate through the cell membrane rel-

atively more easily due to its smaller size. In addition, its

toxicity is similar to that of Ab1–40 and Ab1–42 (Mattson

et al. 1997). More importantly, Ab25–35 is a particularly

intractable peptide because it aggregates rapidly, unlike

the full-length Ab, which requires ageing for more

than 1 week before it aggregates and becomes toxic

(Hughes et al. 2000). As such, it is often used for in vitro

studies of the neuroprotective effects of various drugs

predicted to modulate Ab toxicity (Yu et al. 2014). In our

initial study, we used scrambled peptide in SH-SY5Y

cells as negative control and no neurotoxicity in SH-

SY5Y cells was observed (data not shown). Thus, we

only used Ab25–35 to induce neurotoxicity in SH-SY5Y

cells.

The generation of ROS leading to oxidative damage and

neuronal cell death plays an important role in the patho-

genesis of neurodegenerative disorders (Paulsen et al.

2012), and antioxidants have been proposed to protect

against Ab25–35-induced toxicity in AD (Jung Choi et al.

2009). In the present study, ROS production increased after

Ab25–35 exposure and decreased after SOD3 treatment.

Table 2 Outcome measures of groups that received SOD3 could relieve apoptosis of neuroblastoma SH-SY5Y cells, through the mitochondrial

pathway

CTRL Ab25–35 Ab25–35 ? SOD3-

Ad

Ab25–35 vs CTRL Ab25–35 ? SOD3-Ad VS

CTRL

Ab25–35 ? SOD3-Ad VS

Ab25–35

Mitochondria mediated

Cytc 100 121 100 21 0 -21

Caspase-

3

100 175 104 75 4 -71

Caspase-

9

100 141 94 41 -6 -47

Bax 100 130 107 30 7 -23

Bcl-2 100 78 103 -22 3 25

Extracellular enzymatic activities lipid oxidation

T-SOD 100 78 105 -22 5 27

CAT 100 79 99 -21 -1 20

GPx 100 48 108 -52 8 60

MDA 100 196 110 96 10 -86

The expression levels of enzymes

SOD1 100 83 99 -17 -1 16

SOD2 100 80 113 -20 13 33

SOD3 100 79 626 -21 526 547

GPx 100 86 102 -14 2 16

CAT 100 77 97 -23 -3 20

Intracellular ROS generation

ROS 100 120 106 20 6 -14

Intracellular Calcium imaging

Ca2? 100 127 108 27 8 -19

The last three columns to the right list the changes in outcomes in the Ab25–35 ? SOD3-Ad relative to the normal control group, the Ab25–35

relative to the Ab25–35 ? SOD3-Ad group and the Ab25–35 ? SOD3-Ad relative to the single Ab25–35 treatment. Note that a - indicates a

decrease and ? indicates an increase. Italicized values are not significantly different

Ab25–35 b-amyloid peptide, Bcl-2 B-cell lymphoma-2, Bax Bcl-2 Associated X protein, T-SOD total superoxide dismutase, CAT catalase, GPx

glutathione peroxidase, MDA malondialdehyde, SOD1 Cu Zn-SOD copper/zinc superoxide dismutase, SOD2 Mn-SOD manganese superoxide

dismutase, SOD3 EC-SOD, extracellular superoxide dismutase, ROS reactive oxygen species
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It is noteworthy that antioxidative systems, including

antioxidant enzymes such as SOD and GPx and antioxi-

dants such as GSH, have been shown to decrease the

generation of free radicals. Increased expression of

antioxidant enzymes attenuates AD phenotype (Dumont

et al. 2009). SOD is the first and most important major line

of antioxidant defence against ROS (Fukai et al. 2002).

SODs are responsible for catalyzing the conversion of

superoxide anions into hydrogen peroxide (Chiapinotto

Spiazzi et al. 2015), which is then converted into water by

catalase, glutathione peroxidase or peroxiredoxin. SOD

activity was significantly diminished in the cortex and

hippocampus of Tg2576 mice (Chelikani et al. 2004).

Mammalian cells possess three distinct forms of SOD,

namely copper–zinc SOD (CuZn-SOD or SOD1) located in

the cytoplasm, manganese SOD (Mn-SOD or SOD2) found

exclusively in the mitochondria, and extracellular SOD

(EC-SOD or SOD3) present in the extracellular space

(Zelko et al. 2002). In the study of Murakami (Murakami et

al. 2011), the amounts of SOD1 protein were significantly

decreased approximately 30 % in human AD cases as

compared with non-AD cases, and no change in SOD2 or

SOD3 levels was observed between AD and non-AD cases.

As the frontal lobe was used for analysis in the Murakami’s

study, the hippocampus in AD patients may show the dif-

ferential expression profile of SOD as compared with the

frontal lobe. Further study is needed to examine the SOD

expression profile in different regions of AD cases.

Preventive antioxidants such as metal chelators, glu-

tathione peroxidases and SOD enzymes including SOD1

(Marcus et al. 1998) and SOD2 (Nunomura et al. 2006)

have been shown to be essential for neuronal survival and

protection against oxidative damage (Gonzalez-Zulueta

et al. 1998) and can be used to treat cognitive and beha-

vioural symptoms of AD (Nunomura et al. 2006). The

present study showed that the relevant reduction of SOD1,

SOD2, SOD3, GPx and CAT gene expression was

observed after 6 h of Ab25–35 exposure, and SOD3 over-

expression re-established the normal gene expression.

SOD3 overexpression prevents the Ab25–35-induced

decreasing of SOD1 and SOD2 expression levels in SH-

SY5Y cells. This observation may indicate a positive

feedback loop in the antioxidant enzyme system in which

SOD3 overexpression activated endogenous antioxidant

defence system in SH-SY5Y cells against Ab25–35.

SOD3 plays an important role in all stages of hip-

pocampal neurogenesis and its associated cognitive func-

tions (Van Rheen et al. 2011). Particularly intriguing is the

role of SOD3; SOD3 is located mainly in the cytoplasm but

can also be secreted into the extracellular space (Mondola

et al. 2003). Therefore, it could detoxify the superoxide

radical both within and outside of the cell. Our data con-

firmed the previous reports (Miguel et al. 2009; Sinha et al.

2013) that SOD3 overexpression promotes the survival of

SH-SY5Y cells. However, it does not rule out the possi-

bility of an important additional cytosolic role of SOD3.

Further research is required to elucidate other roles of

SOD3.

There is ample literature supporting a crucial role for

mitochondrial dysfunction in AD, with altered energy

metabolism and ROS production being the major correlates

(Lin and Beal 2006; Moreira et al. 2010). It is widely

believed that Ab is responsible for these mitochondrial

alterations, although the mechanism has not yet been fully

elucidated (Moreira et al. 2010). It is generally accepted

that Ab could elevate oxidative stress and induce apoptotic

cell death by initiating mitochondrial dysfunction, which is

associated with changes in the proteins of Bcl-2 family,

release of cytochrome c and activation of caspase-3 (But-

terfield and Swomley 2013). In the present study, we used

semi-quantitative RT-PCR to measure the gene expression

levels of mitochondria-mediated apoptosis markers. We

found that pretreatment of cells with SOD3 prior to Ab25–35

exposure resulted in inhibition gene expression of cyto-

chrome c, caspase-3, caspase-9 and Bax, and an increase in

Bcl-2 expression induced by Ab25–35 in SH-SY5Y cells.

These data indicate that SOD3 overexpression could be

used to ameliorate or treat neuroblastoma cell death

through inhibition of mitochondrial apoptosis pathway.

MDA is an end product of lipid peroxidation and rep-

resents a reliable marker for lipid peroxidation in the AD

model (Kim et al. 2015; Mattson et al. 1997). In the present

study, SOD3 overexpression restored the lipid peroxidation

level induced by Ab25–35 in SH-SY5Y cells. These results

suggest that oxidative overcharge could be restored by

SOD3.

As mitochondria are subject to extensive oxidative

damage, mitochondrial impairment causes disturbance of

Ca2? homeostasis and eventually results in apoptosis or

necrosis (Witte et al. 2010). Our calcium imaging data

demonstrated that SOD3 overexpression could restore

Ca2? homeostasis after oxidative stress.

In summary, we have demonstrated that SOD3 overex-

pression ameliorated Ab25–35-induced oxidative damage in

neuroblastoma SH-SY5Y cells through inhibition of the

mitochondria-dependent pathway and provided new

insights into the functional actions of SOD3 in oxidative

stress-induced cell damage. To the best of our knowledge,

this is the first study to evaluate and highlight the function

of SOD3 against Ab-induced cell insult.
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