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Abstract. Dominant mutations in superoxide dismutase 1
(SOD1) are a frequent cause of the lethal neurodegenerative
disease amyotrophic lateral sclerosis (ALS). The nuclear
factor erythroid 2-related factor 2 (Nrf2)/antioxidant response
element (ARE) signaling pathway is the major cellular defense
mechanism against oxidative stress, however, its role in
ALS remains to be fully elucidated. Therefore, the present
study aimed to investigate whether the human SODI1-G93A
gene affected the Nrf2/ARE signaling pathway in an ALS
cell model. The soma became round and the number of
neurites decreased in the NSC-34 cells transfected with the
hSODI1-G93A gene, and the neurites were shorter and oxida-
tive stress was increased compared with the normal NSC-34
cells. Furthermore, the mRNA and protein expression of Nrf2,
heme oxygenase-1 and NAD(P)H: quinone oxidoreductase 1
was significantly decreased in the NSC-34 cells transfected
with the human SOD1-G93A gene. The present study indicated
that human SOD1-G93A damaged the Nrf2/ARE signaling
pathway in the ALS cell model and reduced the ability of cells
to protect against oxidative injury.

Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegen-
erative disease characterized by the progressive loss of motor
neurons in the motor cortex, brainstem and spinal cord (1).
The clinical manifestations include the progressive develop-
ment of major muscle weakness, atrophy, tremors, tendon
reflexes hyperfunction and pathologically positive features.
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Approximately 90-95% of all ALS cases are sporadic and
5-10% of cases are familial (FALS). At present, the pathogen-
esis of ALS remains to be fully elucidated and there are no
effective treatment methods. The majority of ALS patients
succumb to respiratory failure within 3-5 years of clinical
onset (2).

Present evidence suggests (3.4) that the progressive loss of
motor neurons in ALS cases results from a series of complex
interaction mechanisms, including oxidative stress, excito-
toxicity, altered axonal transport, mitochondrial dysfunction,
an abnormal cytoskeleton, protein aggregation and genetic
factors. In these mechanisms, oxidative stress is considered
to be important in the pathogenesis of selective motor neuron
degeneration and corticospinal tract degeneration (5), and it
is also a major contributory factor leading to chronic motor
neuron degeneration and death (6). Several previous studies
have demonstrated that oxidative stress is present in cerebro-
spinal fluid and spinal cord slices of ALS patients, suggesting
that oxidative stress may be a crucial link in the pathogenesis
of ALS (5). In mutant superoxide dismutase 1 (SOD1) ALS
mouse models, the level of oxidative damage to biological
macromolecules (including proteins, lipids and nucleic acid)
was elevated in the brain and spinal cord. Numerous previous
studies have revealed that ~20% of cases of fALS are caused
by mutations in the antioxidant enzyme Cu/Zn SODI (7).
Rodents, which overexpress mutant forms of hSODI1, usually
develop an ALS-like phenotype (8,9). At present, the toxic
pathogenic mechanisms for human SODI1 mutant transgenic
animals remain unknown. A previous study found that nuclear
factor erythroid 2-related factor 2 (Nrf2) was able to interact
with the antioxidant response element (ARE) to regulate
the expression of phase II antioxidant enzymes including
NAD(P)H: quinone oxidoreductase 1 (NQOI) and heme
oxygenase-1 (HO-1). The Nrf2/ARE signaling pathway is
one of the most important endogenous antioxidant stress
pathways (10). Previous studies have demonstrated that the
activation of the Nrf2/ARE signaling pathway was able to
decrease different types of cellular damage in different tissues
and organs (11-13). At present, the role of the Nrf2/ARE
signaling pathway in the onset of ALS motor neuron degen-
eration remains to be fully elucidated. In the present study,
the effect of the mutant human SODI1-G93A gene on the
Nrf2/ARE endogenous antioxidant pathway was observed
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using NSC-34 cells transfected with human SODI1-G93A,
which was already established in our laboratory. The present
study aimed to provide a further theoretical basis for the
pathogenesis and treatment of ALS.

Materials and methods

Chemicals. An antibody recognizing neurofilament (SMI-32)
was purchased from Covance Inc. (Princeton, NJ, USA). Other
antibodies, including anti-f-actin, anti-Nrf2, anti-NQOI and
anti-HO-1 were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). A First Strand cDNA Synthesis
kit was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). A malondialdehyde (MDA) assay kit was
purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, Jiangsu, China). A total protein extraction kit was
purchased from Nanjing KeyGen Biotech., Co., Ltd (Nanjing,
Jiangsu, China).

Cell lines and cell cultures. NSC-34 is a hybrid cell line,
produced by fusion of motor neuron enriched, embry-
onic mouse spinal cord cells with mouse neuroblastoma,
which possesses several of the unique morphological and
physiological characteristics of motor neurons. NSC-34
cells stably transfected with the empty pcDNA3.1(-) plasmid
and the pcDNA3.1(-) plasmid carrying hSODI1-WT and
hSODI1-G93A were successfully established. The cell lines
were removed from liquid nitrogen and thawed quickly in
a 37°C water bath. Then, the cells were diluted 5-fold with
complete medium (containing 90% Dulbecco's modified
Eagle's medium, 10% fetal bovine serum, 100 IU/ml peni-
cillin and 0.1 mg/ml streptomycin) and seeded to 25 cm?
glass culture bottles. The cultures were maintained at 37°C
in a 5% CO, humidified atmosphere. Following attachment
of the cells to the culture bottles (~4-6 h), the medium was
refreshed to remove the dimethyl sulfoxide. The medium was
generally changed every 2-3 days, depending on the rate of
growth.

Immunocytochemical analysis. An immunocytochemical
staining technique was used to observe the morphology of
stably transfected cells. The stably transfected cells were
digested and collected by centrifugation and then resus-
pended with culture medium. Then, the cells were seeded in a
6-well culture plate at a density of 2x10*/ml. Following 24 h,
the cells were rinsed with 0.01 M phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde for 40 min. To
inhibit non-specific binding, the cells were incubated with
goat serum incubated for 15 min. The cultures were incubated
with an anti-neurofilament antibody (SMI-32) overnight at
4°C. The cultures were washed three times with PBS and
incubated with a biotinylated secondary antibody for 15 min
in 37°C and then visualized with 3,3'-diaminobenzidine
tetrahydrochloride.

Measurement of MDA. MDA is one of the most important
degradation products of lipid peroxidation. It is able to react
with thiobarbituric acid to generate mauve material. The
enzyme activity was determined by monitoring the change in
absorbance at 532 nm.
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Reverse transcription polymerase chain reaction. Total
RNA was isolated using TRIzol reagent. The concentra-
tions and qualities of RNA were determined by measuring
absorbance at 260 and 280 nm. The synthesis of the first
chain ¢cDNA was performed according to the manufac-
turer's instructions of the First Strand cDNA Synthesis kit
(Thermo Fisher Scientific). A 25 ul system of PCR ampli-
fication was used and consisted of 12.5 ul of DreamTaq
Green PCR Master mix (2X), 10.5 ul of sterile ultrapure
water, 0.5 ul of cDNA samples and 0.5 pl of forward and
reverse primers. The specific primers used were as follows:
B-actin, forward 5'-GGGACCTGACTGACTACCTCA-3'
and reverse 5'-GACTCGTCATACTCCTGCTTG-3'; Nrf2,
forward 5'-ATCGACAGTGCTCCTATGCGTGAA-3' and
reverse 5'-ATCGTCTGGGCGGCGACTTTAT-3'; HO-1,
forward 5'-ATCGTGGTGATGGCTTCCTTGT-3' and reverse
5'-ATCGACCTCGTGGAGACGCTTT-3"; NQOI, forward
5-ATCGGAGAAGAGCCCTGATTGT-3"' and reverse
5'-ATCGAAAGGACCGTTGTCGTAC-3". For PCR, the
amplification conditions consisted of an initial activation step
at 95°C for 4 min and 30 cycles at 95°C for 15 sec, 60°C for
15 sec, 72°C for 30 sec and finally 72°C for 7 min. In order to
detect the reverse transcription PCR amplification products,
1.5% agarose gel electrophoresis was used.

Western blot analysis. The proteins were extracted using a
total protein extraction kit. The extraction of protein was
quantified using the bradford method. A total of 60 mg of
extracted protein was resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and the resolved
proteins in the gel were transferred onto polyvinylidene difluo-
ride membranes. The membranes were incubated overnight at
4°C with the following specific primary antibodies: rabbit poly-
clonal anti-Nrf2 (1:200), rabbit polyclonal anti-HO-1 (1:200),
goat polyclonal anti-NQO1 (1:200) and mouse monoclonal
anti-B-actin (1:500). Then, the membranes were incubated
with corresponding secondary antibody (the dilution of
[-actin secondary antibody was 1:10,000 and the others were
1:3,000) for 1 h at room temperature and immunodetection
was performed with an enhanced chemiluminescent substrate.
The data calculated were obtained by the rate of the density of
target protein banding to the density of corresponding B-actin
banding.

Statistical analysis. The results are expressed as the
mean + standard deviation. Statistical analyses were performed
using two-way analysis of variance. P<0.05 was considered to
indicate a statistically significant difference.

Results

Effect of the human SODI-G93A gene on NSC-34 cellular
morphology. In order to observe the morphological
alterations of cells stably transfected with the pcDNA3.1(-)
plasmid, the hSODI1-pcDNA3.1(-) plasmid and the
hSOD1-G93A-pcDNA3.1(-) plasmid, the stably transfected
cells were dyed and examined using the immunocytochemical
method. Observations under the microscope revealed that
the soma exhibited a rounded morphology and the number
of neurites decreased in the NSC-34 cells transfected with
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the hSODI1-G93A gene. In addition, the neurites were shorter
compared with the normal NSC-34 cells. However, no signifi-
cant changes in the cells transfected with the pcDNA3.1(-) and
the hSOD1-pcDNA3.1(-) plasmid were identified (Fig. 1).

Detection of the lipid peroxidation level. MDA is able to
react with thiobarbituric acid to generate mauve material. The
content of MDA directly reflects the level of lipid peroxidation
in cells. The present study found that the content of MDA was
2.74+0.14 nmol/mg protein in NSC-34 cells which were stably
transfected with the hSOD1-G93A gene. The content of MDA
in the normal, empty and hSODI1-WT cells was 1.15+0.53,
1.65+0.21 and 1.81+0.18 nmol/mg prot, respectively. Statistical
analysis demonstrated that the content of MDA in NSC-34
cells transfected with the hSODI1-G93A gene was significantly
increased compared with the other three cell lines, while no
significant difference in MDA content in the other three cell
lines was observed (Fig. 2).

Effect of the hSODI-G93A gene on the mRNA expression
of Nrf2 and phase Il antioxidant enzymes in NSC-34 cells.
Previous studies and the present study revealed that the
level of oxidative stress in NSC-34 cells transfected with
the hSODI1-G93A gene significantly increased. In order to
examine whether increasing oxidative stress was associated
with the effect of hSODI1-G93A on the Nrf2/ARE signaling
pathway, the difference in the mRNA expression of Nrf2 and
phase II enzymes was detected in four types of cell lines.
The mRNA expression of Nrf2 in NSC-34 cells transfected
with the hSODI1-G93A gene markedly decreased compared
with the other three cell lines (Fig. 3A and B). Further studies
also revealed that the mRNA expression of the downstream
factors HO-1 and NQOI1 decreased (Fig. 3A, C and D). By
contrast, no significant differences in the cells transfected
with pcDNA3.1 (-) and hRSODI1-WT compared with the normal
NSC-34 cells were identified. These results demonstrated that
the Nrf2/ARE signaling pathway was possibly affected by
hSODI1-G93A.

Effect of the hSODI-G93A gene on the protein expression
of Nrf2 and phase Il antioxidant enzymes in NSC-34 cells.
In order to further observe the effect of hSODI-G93A on
the Nrf2/ARE signaling pathway in NSC-34 cells, the differ-
ences in the protein expression of Nrf2 and phase II enzymes
in these four types of cell lines were detected. The western
blots demonstrated that the protein expression of Nrf2 in
NSC-34 cells transfected with the hSOD1-G93A gene mark-
edly decreased compared with the other three cell lines
(Fig. 4A and B; P<0.01). Furthermore, the protein expression
of the downstream factors HO-1 and NQOI1 decreased as well
(Fig. 4C-F; P<0.01). However, no significant difference in the
protein expression of Nrf2, HO-1 and NQOI in the other three
cell lines was identified. This phenomenon was consistent with
the results from the genetic test.

Discussion
In order to investigate the toxic effect of hSODI1-G93A on

motor neurons, the NSC-34 cell lines were selected and the
effect of the h\SOD1-G93A gene on the Nrf2/ARE endogenous
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antioxidant pathway was observed. NSC-34 cells transfected
with hSOD1-G93A were already established and commonly
used in our laboratory. The present study found that the
soma exhibited a rounded morphology and the number of
neurites decreased in the NSC-34 cells transfected with the
hSODI1-G93A gene. In addition, the neurites were shorter
compared with the normal NSC-34 cells. Furthermore, the
hSODI-G93A gene reduced the ability of cells to protect
against oxidative damage and increased the levels of lipid
peroxidation in cells. Oxidative damage has been substan-
tiated by the biochemical and histopathological study in
postmortem tissue of ALS patients (14,15). These studies
revealed that the levels of lipid peroxidation, nucleic acid
oxidation and protein nitration in ALS patients significantly
increased. In order to observe the degree of oxidative damage,
the intracellular MDA levels in normal, empty, hRSOD1-WT
and hSODI-G93A cell lines were detected. The results from
the present study demonstrated that the intracellular MDA
levels in hSODI1-G93A cell lines significantly increased
compared with the other three cell lines (Fig. 2). This result
indicated that the activity of antioxidants and detoxification
of the cell lines transfected with the hSODI1-G93A gene
decreased.

Furthermore, the present study found that the mRNA
expression of Nrf2 in NSC-34 cells, which was stably trans-
fected with the hSODI-G93A gene, markedly decreased
compared with the other three cell lines (Fig. 3A and B).
In addition, the mRNA expression of the downstream
factors HO-1 and NQOI also decreased (Fig. 3A, C and
D). To further investigate the effect of hSODI1-G93A on the
Nrf2/ARE signaling pathway in cells, the western blots of
total cellular protein indicated that the protein expression of
Nrf2, HO-1 and NQOI significantly decreased in the mutated
hSODI NSC-34 cell lines (Fig. 4). This is consistent with the
result obtained by Sarlette et al (16). The authors reported
that the protein expression of Nrf2 was reduced in neurons
from the primary motor cortex and spinal cord from ALS
postmortem tissue samples. In addition, the level of mRNA
encoding Nrf2 was decreased in embryonic motor neurons
isolated from hSODI1-G93A rats (17). Petri er al (6) hypoth-
esized that the decrease in the protein expression of Nrf2 in
motor neurons was possibly associated with the decline in
the antioxidant defense mechanism of the body. Under basal
conditions, the Nrf2 was usually bound to the endogenous
inhibitor Kelch-like ECH associated protein 1 (Keapl) in
the cell plasma and was in the inactive state. However, when
the cells were exposed to oxidative stress, Nrf2 was able
to dissociate from the Keapl protein and translocate to the
nucleus, and then bind to ARE and activate the expression
of target genes, including HO-1 and NQOI1 (18,19). Since the
cells demonstrated a high vulnerability to oxidative damage
in the HO-1-/- mouse model, HO-1 was considered to be
important in the process of endogenous defense against oxida-
tive stress (20). Certain studies suggested that NQO1 was
directly able to protect tissues against oxidative stress (21).
In cells, NQOI was a type of electronic reductase regulating
substances in the redox state and was able to catalyze the
reduction reaction of Quinones and its derivatives. The
characteristics of the reaction process did not generate these
products, including free radical oxidation and half quinone,
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Figure 1. Immunocytochemical staining of cells. The cells were seeded on glass slides in a six-well culture plate and stained using SMI-32 (an
anti-neurofilament monoclonal antibody). The four images are representative of immunostaining of cells with SMI-32 (magnification, x100). Normal, NSC-34
cell lines; Empty, NSC-34 cell lines transfected with the empty pcDNA3.1(-) plasmid; hSOD1-WT, NSC-34 cell lines transfected with the pcDNA3.1(-) plasmid
carrying hSOD1-WT; hSOD1-G93A, NSC-34 cell lines transfected with the pcDNA3.1(-) plasmid carrying mutant hSOD1-G93A. hSODI, human superoxide

dismutase 1; WT, wild type.

which is a single electron reductase. Therefore, the process
had a protective function against oxidative stress caused by
metabolism. The current study suggested that destroying the
Nrf2 molecules and its downstream signaling pathway was able
to aggravate the deterioration of oxidative damage, inflamma-
tion and mitochondrial dysfunction in cells (22). Furthermore,
several previous studies (17,23) indicated that activated Nrf2
was beneficial to organisms in the context of hSOD1-G93A
toxicity, and selective Nrf2 overexpression in neurons or
type II skeletal muscle fibers was able to delay disease onset
in hSOD1-G93A mice. Various previous studies revealed that
phase II enzyme inducers were able to upregulate the expres-
sion of HO-1 and protect neurons from the damage caused by
oxidative stress through Nrf2/ARE pathways (24,25). The above
evidence suggested that the Nrf2/ARE signaling pathway is able
to protect against oxidative stress damage and subsequently
protect the neurons in the ALS cell model. Therefore, in the
present study, the cause of increased oxidative stress levels in
the mutant hSODI of NSC-34 cells may be associated with the
result that the human SOD1-G93A gene affected the Nrf2/ARE
signaling pathway and reduced the expression of HO-1 and
NQOT1 in NSC-34 cells. In addition, these findings suggest that

MDA (nmol/mgprot)

4k *
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0 j 1 1 4

Empty hSOD1-WT hSOD1-G93A

Figure 2. Quantitative assessment of the levels of MDA in four cell lines
(mean = standard deviation; n=4). "P<0.05, statistically different from the
normal, empty, hSODI-WT cell lines. MDA, malondialdehyde; hSODI,
human superoxide dismutase 1; WT, wild type.

activating the Nrf2/ARE signaling pathway and increasing
phase II enzymes are potential therapeutic strategies for the
treatment of ALS.

In conclusion, the present study demonstrated that the human
SOD1-G93A gene damaged the Nrf2/ARE signaling pathway,
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Figure 3. Analysis of the mRNA expression of Nrf2 and antioxidant response element-driven genes in four cell lines. (A) Total RNA was extracted from the
four cell lines and HO-1, NQO1 and Nrf2 mRNA levels were determined by PCR and corrected by -actin mRNA levels (N, normal: E, empty; W,hSOD1-WT;
M, hSOD1-G93A). (B) Densities of Nrf2 bands were measured and its ratio to 3-actin was calculated (mean + standard deviation; n=6). (C) Densities of HO-1
bands were measured and its ratio to 3-actin was calculated (mean + standard deviation; n=8). (D) Densities of NQO1 bands were measured and its ratio to
[3-actin was calculated (mean + standard deviation; n=6). "P<0.05 and "P<0.01, statistically different from the normal, empty, hNSOD1-WT cell lines. Nrf2, nuclear
factor erythroid 2-related factor 2; NQO1, NAD(P)H: quinone oxidoreductase 1; HO-1, heme oxygenase-1; WT, wild type; hSOD1, human superoxide dismutase 1.
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Figure 4. Western blot analysis to measure the protein expression levels of HO-1, NQOI1 and Nrf2 in four cell lines. (A and B) Densities of Nrf2 bands were
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its ratio to B-actin was calculated (mean * standard deviation; n=6). “P<0.01, statistically different from the normal, empty, hNSOD1-WT cell lines. Nrf2, nuclear
factor erythroid 2-related factor 2; NQO1, NAD(P)H: quinone oxidoreductase 1; HO-1, heme oxygenase-1; WT, wild type; hSOD1, human superoxide dismutase 1.
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reduced the ability of cells to protect against oxidative damage
and increased the vulnerability of motor neurons exposed to
oxidative stress.
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