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Abstract
Oxidative cell death is an important contributing factor in neurodegenerative diseases. Using HT22
mouse hippocampal neuronal cells as a model, we sought to demonstrate that mitochondria are crucial
early targets of glutamate-induced oxidative cell death. We showed that when HT22 cells were
transfected with shRNA for knockdown of the mitochondrial superoxide dismutase (SOD2), these
cells became more susceptible to glutamate-induced oxidative cell death. The increased susceptibility
was accompanied by increased accumulation of mitochondrial superoxide and loss of normal
mitochondrial morphology and functions at early time points following glutamate exposure.
However, overexpression of SOD2 in these cells reduced mitochondrial superoxide level, protected
its morphology and functions, and provided resistance against glutamate-induced oxidative
cytotoxicity. The change in the sensitivity of these SOD2-altered HT22 cells was neurotoxicant-
specific, because the cytotoxicity of hydrogen peroxide was not altered in these cells. In addition,
selective knockdown of the cytosolic SOD1 in cultured HT22 cells did not appreciably alter their
susceptibility to either glutamate or hydrogen peroxide. These findings show that the mitochondrial
SOD2 plays a critical role in protecting neuronal cells from glutamate-induced oxidative stress and
cytotoxicity. These data also indicate that mitochodria are important early targets of glutamate-
induced oxidative neurotoxicity.
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INTRODUCTION
Glutamate is an endogenous excitatory neurotransmitter, and it was estimated that this
neurotransmitter is utilized by as many as one-third of the synapses in the central nervous
system [1]. At high concentrations, glutamate is neurotoxic, and glutamate-induced neuronal
death is believed to be an important contributing factor in the development of various
neurodegenerative diseases, including Parkinson’s disease (PD) and Alzheimer’s disease (AD)
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[1,2]. Glutamate can induce cytotoxicity via two different pathways. One of the pathways is
mediated by the ionotropic glutamate receptors [3,4], which triggers Ca2+ fluxes and leads to
cell death by alteration of calcium homeostasis and subsequently accumulation of reactive
oxygen species (ROS). The other pathway involves the inhibition by extracellular glutamate
(when present at high concentrations) of cystine uptake mediated by the glutamate/cystine
antiporter, which subsequently results in low intracellular glutathione (GSH) levels and
culminates in oxidative stress and cell death [5–7]. HT22 cells, an immortalized mouse
hippocampal cell line, have become a widely-used in vitro model in recent years for studying
the oxidative stress-induced neuronal cell death [7], partly because these cells lack ionotropic
glutamate receptor and thus effectively exclude the compounding cell death pathway mediated
by the ionotropic glutamate receptor. In this neuronal oxidative stress model, high
concentrations of extracellular glutamate cause intracellular GSH depletion and increase ROS
production [5,8]. Oxidative neuronal cytotoxicity is mediated by the mitogen-activated protein
kinase (MAPK) signaling pathways [9–11] and apoptosis inducing factor (AIF) [12,13].
Antioxidants such as vitamin E, N-acetyl-cysteine, and polyphenolic bioflavonoids can
effectively prevent cells from oxidative neuronal death in this cell line [11,13–15].

One of the major antioxidant enzymes in eukaryotes is the superoxide dismutase (SOD), which
catalyzes the conversion of superoxide anions to hydrogen peroxide [16]. There are three
different SOD isoforms found in mammals. The copper/zinc SOD (Cu/ZnSOD or SOD1) is a
cytosolic enzyme coded by the Sod1 gene, and it is the predominant SOD in most cells and
tissues, accounting for 70–80 % of the total cellular SOD activity [16]. The manganase
superoxide dismutase (MnSOD or SOD2) is a key mitochondrial antioxidant enzyme coded
by the Sod2 gene [16]. Extracellular copper/zinc SOD (SOD3), a minor SOD coded by the
Sod3 gene, is only expressed in a limited number of tissues (lung, kidney, and fat tissue)
[17]. Genetic inactivation of SOD2 in mice results in heart and liver complications, metabolic
acidosis, and early neonatal death [18]. As opposed to the severe phenotype of the homozygous
Sod2−/− mutant mice, animals lacking either SOD1 [19] or SOD3 [20] develop normally for
at least the first year of their life.

A number of researchers have recently suggested that mitochondria were at the center of the
neuronal oxidative stress and also oxidant-induced neuronal death [21–23]. In the present
study, therefore, we sought to demonstrate that mitochondria are crucial initial targets of
glutamate-induced oxidative cell death by investigating the neuroprotective functions of the
mitochondrial SOD2 in oxidative stress-induced cell death in HT22 mouse hippocampal cells.

MATERIALS AND METHODS
Chemicals and reagents

Dullbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and trypsin-EDTA
solution (containing 0.5 g/L trypsin and 0.2 g/L EDTA) were purchased from Sigma-Aldrich
(St. Louis, MO). The antibiotics solution (containing 10,000 U/mL penicillin and 10 mg/mL
streptomycin) was obtained from Gibco (Invitrogen, Grand Island, NY).

Cell culture conditions and assay of cell viability
Glutamate-sensitive HT22 murine hippocampal neuronal cells were a gift from Dr. David
Schubert (Salk Institute, La Jolla, CA), and they were maintained in DMEM supplemented
with 10% (v/v) FBS and antibiotics (penicillin-streptomycin) and incubated at 37°C under 5%
CO2. Cells were subcultured once every 2 days. Cells were seeded in 96-well plates at a density
of 5000 cells per well, and were treated with glutamate or hydrogen peroxide for 24 h. The
stock solution of glutamate (1 M in DMEM without serum) was diluted in the culture medium
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immediately before addition to each well at the desired final concentrations, and hydrogen
peroxide was freshly diluted in culture medium in each experiment.

For assessment of cell viability, the MTT assays were used. Ten μL MTT (at 5 mg/mL) was
added to each well at a final concentration of 500 μg/mL, and the mixture was further incubated
for 1 h, and the liquid in the wells was removed thereafter. DMSO (100 μL) was then added
to each well, and the absorbance was read with a UV max microplate reader (Molecular Device,
Palo Alto, CA) at 560 nm. The relative cell viability was expressed as percentage of the control
cells that were not treated with glutamate or hydrogen peroxide.

Western blotting
For Western blotting, cells were washed first with phosphate-buffered saline (PBS), and then
they were suspended in 100 μL of the lysis buffer (containing 20 mM Tris-HCl, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, protease inhibitor cocktail, 2 mM Na3VO4, and 10 mM NaF,
pH 7.5). The amount of proteins was determined using the Bio-Rad protein assay (Bio-Rad,
Hercules, CA). An equal amount of proteins was loaded in each lane. The proteins were
separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrically
transferred to a polyvinylidene difluoride membrane (Bio-Rad). After blocking the membrane
with 5% skim milk, SOD1 and SOD2 proteins were immunodetected using the rabbit anti-
mouse SOD1 and SOD2 antibodies (obtained from Santa Cruz Biotechnology, Santa Cruz,
CA). GAPDH was detected as a loading control using the anti-GAPDH antibody (obtained
from Cell Signaling Technology, Beverly, MA). The horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG was applied as the secondary antibody, and the bands were detected
using the Amersham ECL plus Western blotting detection reagents (GE Healthcare,
Piscataway, NJ).

Construction of stable SOD2 knockdown HT22 cells
shRNA plasmids selectively targeting the mouse SOD1 and SOD2 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). A scrambled non-targeting shRNA plasmid was used
as the negative control. These plasmids carried the puromycin resistance gene for the ease of
isolating the shRNA plasmid DNA-transfected cells. Transfection of shRNA plasmids at the
100-nM final concentration was carried out using Lipofectamine 2000 (Invitrogen) according
to the protocols provided by the manufacturers.

Transfection with small interfering RNA (siRNA) for SOD1 in HT22 cells
siRNA selectively targeting the mouse SOD1 was purchased from Santa Cruz Biotecnology.
A scrambled non-targeting siRNA was used as the negative control. HT22 cells were seeded
at 1 × 105 cells/well in 6-well plate and reached a density of 30–50% confluence at the time
of transfection. Transfection of the siRNA for SOD1 (100-nM) or the negative control siRNA
was done by using Lipofectamine 2000 according to the protocols provided by the
manufactures. Transfected cells were cultured for 48 h before harvesting and further analyses.
The efficiency of the siRNA knockdown of SOD1 protein expression was determined by
Western blot analysis with a specific antibody.

Stable expression of the SOD2/GFP fusion protein
The pEGFP-N1/SOD2 plasmid was a generous gift provided by Dr. Sonia Flores, at the
Division of Pulmonary Sciences and Critical Care Medicine, University of Colorado, Denver,
CO. HT22 cells were transfected with the pEGFP-N1/SOD2 plasmid as described by Connor
et al. [24] using Lipofectamine 2000. Although the pEGFP-N1/SOD2 plasmid had a neomycin-
resistant gene, HT22 cells were also strongly resistant to neomycin. Therefore, we could not
use neomycin for selection of transfected cells. To establish the stably-transfected cells, we
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collected the GFP-positive cells using FACS Aria (BD Bioscience, San Jose, CA). After three
times of cell sorting, the population of GFP-positive cells was increased to approximately 77%.
Then, the transfected cells were seeded in 96-well culture plate at 1 cell per well. After 2-week
culture, single colony was harvested for determination of the SOD2GFP fusion protein level
by Western blotting.

Analysis of mitochondrial membrane potential
After treatment with glutamate, cells were harvested by trypsinization and washed once with
PBS (pH 7.4). After centrifugation, cells were stained with 3,3′-dihexyloxacarbocyanine iodide
[DiOC6(3); Molecular Probes, Eugene, OR] for analysis of the mitochondrial membrane
potential (MMP). Cells were resuspended in 1 mL culture medium containing 25 nM of
DiOC6(3) and incubated at 37°C for 15 min. After centrifugation, cells were resuspended in
PBS. Flow cytometric analysis was performed using the BD LSR II (BD Bioscience).

Measurement of mitochondrial superoxide formation
After glutamate or hydrogen peroxide treatment, cells were stained with MitoSOX Red
(Molecular probes) according to the protocols provided by the manufacturers. The digital
images were taken under a fluorescence microscope (AXIO, Carl Zeiss Corporation,
Germany). To quantify the amount of mitochondrial superoxide, flow cytometric analysis (BD
LSR II) was performed. MitoSOX Red was excited by laser at 488 nm and data collected at
585/42 nm (FL2) as described earlier [25].

Analysis of SOD activity
Mitochondrial fraction was isolated from the cytosolic fraction using the Mitochondria/Cytosol
Fractionation Kit (Bio Vision, Mountain View, CA). The amount of proteins was determined
using the Bio-Rad protein assay (Bio-Rad). The SOD activity was determined using
Superoxide Dismutase Activity Assay Kit (Bio Vision). Relative SOD activity was normalized
by protein amount and shown as ratio to 100 % which is the SOD activity in control cells.

Analysis of total GSH and ATP levels
Control HT22 cells and SOD2/GFP high expression HT22 cells were treated with 4 mM
glutamate for 8 h. Intracellular total GSH and ATP levels were determined using the
ApoGSH™ glutathione colorimetric detection kit and the ApoSENSOR™ cell viability assay
kit (Bio Vision), respectively. Total GSH and ATP levels were normalized by protein amount
and shown as ratio to the levels in control cells (set at 100%).

Transmission electron microscopy (TEM) analysis of cells
For transmission electron microscopy analysis, cells were harvested using trypsin-EDTA and
fixed in 2% glutaraldehyde for 4 h, and centrifuged to form pellets. Sample preparation was
carried out according to a method described previously [26]. Briefly, the pellets were rinsed
in 0.1 M cacodylate buffer (purchased from Electron Microscopy Sciences (EMS), Hatfield,
PA) and post-fixed in 1% osmium tetroxide (EMS). Cell pellets were dehydrated through a
graded series of ethanol and then passed through a propylene oxide twice and lastly placed in
propylene oxide/Embed 812 resin (EMS) overnight for infiltration, and then polymerized in a
60°C oven overnight. Then sections were cut on a Leica UCT ultra microtome at 80 nm using
a Diatome diamond knife. Sections were contrasted with uranyl acetate and Sato’s lead citrate
(EMS), and viewed and photographed on a JEOL 100CXII TEM at 60 KV (J.E.O.L. Ltd.,
Tokyo, Japan).
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Reproducibility of experiments and statistical analysis
All of the data and experiments described in the present study were repeated multiple times,
and only one set of the representative data was shown. The data were mostly presented as mean
± S.D. Statistics were analyzed with one-way ANOVA and multiple comparisons with
Dunnett’s test (SPSS software), and values of P < 0.05 were considered to be statistically
significant.

RESULTS
Induction of neuronal cell death in HT22 cells by glutamate and hydrogen peroxide

The treatment of HT22 cells with glutamate lasted 24 h, unless otherwise noted. We confirmed
that glutamate decreased cell viability (MTT assay) in a concentration-dependent manner, with
IC50 values of approximately 3 mM (Fig. 1A). The intracellular ROS accumulation (using the
H2-DCF-DA staining method) following glutamate treatment of HT22 cells has been reported
earlier [6,13]. In the present study, we chose to further examine the mitochondrial superoxide
generation using the mitochondria-specific superoxide indicator MitoSOX Red. Treatment
with 4 mM and 8 mM glutamate for 8 h significantly increased the mitochondrial superoxide
levels in a dose-dependent manner (Fig. 1C). The reason that the cells were treated with
glutamate for 8 h was based on an earlier observation showing that the induction of oxidative
stress in this model was preceded by a reduction of intracellular GSH, which took several hours
to occur [27]. To quantify the dose-dependent changes in the accumulation of mitochondrial
superoxide, flow cytometric analysis of the stained cells was also performed. As shown in Fig.
1D, the amount of mitochondrial superoxide was increased after glutamate treatment in a
concentration-dependent manner; the quantitative data showing the changes of mean
fluorescence intensity are shown in Fig. 1E.

The cytotoxicity of hydrogen peroxide (62.5–1000 μM) in cultured HT22 cells was also
determined for comparison. Hydrogen peroxide dose-dependently inhibited the viability of
HT22 cells, with an IC50 of approximately 400 μM (Fig. 1B). Treatment with 500 μM hydrogen
peroxide for 3 h did not significantly increase the mitochondrial superoxide levels (Fig. 1C),
which is very different from what was seen with glutamate.

Effect of SOD1 and SOD2 on glutamate-induced or hydrogen peroxide-induced oxidative
cytotoxicity in HT22 cells

Knockdown approach—To characterize the protective role of SOD1 and SOD2 in
glutamate-induced or hydrogen peroxide-induced oxidative stress in HT22 cells, we first
prepared HT22 stable sub-lines with a selective knockdown of SOD1 or SOD2 using shRNA
plasmids. To determine the proficiency of shRNA plasmids in selectively suppressing SOD1
or SOD2 expression, their protein levels were determined in transfected cells. As shown in
Fig. 2A and 2B (Western blot data), the SOD1 protein expression was partially but selectively
knocked down by approximately 50% in the SOD1 shRNA-transfected cells; similarly, the
SOD2 protein was also partially but selectively knocked down (by approximately 30%) in the
SOD2 shRNA-transfected cells. We also measured the SOD enzymatic activities in both
cytosolic and mitochondrial fractions in these cells. As shown in Fig. 2C, the cytosolic SOD
activity (namely, the SOD1 activity) was decreased by approximately 50% in the SOD1
shRNA-transfected cells, while the mitochondrial SOD activity (namely, the SOD2 activity)
was decreased by 25% in the SOD2 shRNA-transfected cells.

Although the reduction of the final SOD1 or SOD2 protein levels in the transfected HT22 cells
was relatively small, these small reductions had a very different effect on the sensitivity of
these cells to glutamate-induced cytotoxicity. Cells with a partial SOD2 knockdown (~30%
reduction) became markedly more sensitive to glutamate-induced cytotoxicity, but little or no
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change was seen with the SOD1-knockdown cells (Fig. 2D). In contrast, no significant
difference was seen in the sensitivity to hydrogen peroxide-induced cytotoxicity between the
control HT22 cells and cells with SOD1 or SOD2 knockdown (Fig. 2E). These results indicated
that SOD2, but not SOD1, played a vital role in the protection against glutamate-induced
oxidative stress, whereas neither enzyme played a significant role in altering hydrogen
peroxide-induced oxidative cytotoxicity.

Because SOD1 expression level usually was much higher than the SOD2 level (Fig. 2A), it
was suspected that a 50% reduction of the SOD1 level might not be sufficient to make a major
difference in the cytosolic antioxidant capacity. Therefore, additional experiments were
performed to suppress SOD1 expression further by using the small interfering RNA (siRNA).
The SOD1 protein level in SOD1 siRNA-transfected cells was suppressed by 82.6 ± 1.3%
compared with control siRNA-transfected cells (Fig. 2F). However, even with this more drastic
reduction of SOD1 levels, we still did not see a significant difference in cell viability between
the control siRNA- and SOD1 siRNA-transfected cells following treatment with either
glutamate or hydrogen peroxide (Fig. 2G and 2H).

Overexpression approach—Next, we further determined the protective role of SOD2 in
glutamate-induced oxidative stress using the SOD2 overexpression approach. It was shown
earlier that the SOD2GFP fusion protein was localized in the mitochondria and retained its
catalytic activity [24]. Prior to fluorescence-activated cell sorting, we confirmed the expression
of the SOD2GFP fusion protein in the HT22 cells using Western blotting. As shown in Fig.
3A, HT22 cell sub-lines with low and high SOD2GFP expression were established. In these
cells, SOD1 expression levels were not altered. Next, we confirmed the localization of the
SOD2GFP protein using the fluorescence microscopy. As shown in Fig. 3B–3E, SOD2GFP-
expressed cells were shown in green, along with Hoechst33342 staining for the nucleus and
Mitotracker Red staining for the mitochondria. We found that SOD2GFP and Mitotracker Red
were co-localized, thus confirming its localization in the mitochondria. Further, we measured
the SOD activity in the cytosolic and mitochondrial fractions. The mitochondrial SOD activity
(mainly SOD2 activity) was approximately doubled in the SOD2 expressing cells compared
with that in control cells (Fig. 3F). However, the cytosolic SOD activity (mainly SOD1 activity)
in the control and SOD2-overexpressing cells were not changed. When these HT22 cell sub-
lines were treated with 4 or 6 mM glutamate for 24 h, the SOD2 high-expressing cells were
significantly more resistant to glutamate-induced oxidative stress and cell death (Fig. 3G and
3H). In comparison, cells with low SOD2GFP expression only prevented them against the
cytotoxicity induced by 2 mM glutamate, but not by higher concentrations of glutamate.
Interestingly, these sub-lines of HT22 cells did not alter their sensitivity to hydrogen peroxide-
induced oxidative cytotoxicity (Fig. 3I). Since glutamate treatment is known to deplete the
intracellular GSH in HT22 cells [5–7,27], we thus also investigated the effect of SOD2 on the
intracellular GSH levels. As shown in Fig. 3J, the intracellular total GSH levels after glutamate
treatment were decreased by approximately 80% compared to the vehicle treatment in both
control and SOD2-overexpressing cells (Fig. 3J), but the reduction of ATP levels in glutamate-
treated cells was completely abolished in SOD2-overexpressing cells (Fig. 3K).

Effect of SOD1 and SOD2 on mitochondrial superoxide, function and morphology in
glutamate-treated HT22 cells

As shown in Fig. 4A, SOD2-knockdown cells had higher superoxide levels compared to control
cells after treatment with 4 mM glutamate for 8 h. The quantitative data showing the changes
of mitochondrial superoxide levels in SOD2-knockdown cells treated with 2 mM glutamate
are shown in Fig. 4B. As expected, mitochondrial superoxide generation in cells over-
expressing SOD2 was markedly diminished compared to control cells after treatment with 8
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mM glutamate (Fig. 4C). In comparison, there was no appreciable difference between the
control and SOD1-knockdown cells.

To determine the role of SOD2 in protecting mitochondrial function after treatment with
glutamate, cells with selective SOD1 or SOD2 knockdown were treated with 4 mM glutamate
for 12 h and then stained with DiOC6(3) for determination of mitochondrial membrane
potential (MMP). MMP in SOD2-knockdown cells was significantly reduced after glutamate
treatment compared to the control and SOD1-knockdown cells (Fig. 5A).

Lastly, we also examined mitochondrial morphological changes using the transmission
electron microscopy. In control HT22 cells, noticeable changes in mitochondrial morphology
were detected after treatment with 2 mM glutamate (Fig. 5C), but after treatment with 4 mM
glutamate, mitochondria became swollen and lost cristae (Fig. 5D; filled arrowhead). In SOD2-
knockdown cells, mitochondria were significantly damaged even after treatment with 2 mM
glutamate (Fig. 5E). On the other hand, mitochondria in SOD2-overexpressing cells were still
intact and retained the cristae following 4 mM glutamate treatment (Fig. 5F; Open arrowhead).
Enlarged mitochondria images from panels B and E were shown in panel G (as intact
mitochondria) and panel H (as damaged mitochondria), respectively. These results showed
that SOD2, but not SOD1, played a crucial role in protection of mitochondria against glutamate-
induced oxidative stress.

DISSCUSSION
Recent animal studies showed that SOD2+/− heterozygous knockout mice coupled with
amyloid precursor protein (APP) overexpression have markedly higher levels of accumulation
of the brain β-amyloid (Aβ) peptide and Aβ plaques compared to SOD2+/+ mice [28].
Moreover, SOD2 reduction is also associated with an accelerated onset of APP/Aβ-dependent
behavioral alterations [29]. These studies suggested an important protective role of the
mitochondrial SOD2 in the development of Alzheimer’s disease. In the present study, we
provided definitive evidence showing that the mitochondrial SOD2 plays a critical role in
protecting HT22 neuronal cells against glutamate-induced oxidative toxicity. Specifically, we
showed that selective knockdown of the mitochondrial SOD2 rendered these cells markedly
more susceptible to glutamate-induced oxidative toxicity. The increased susceptibility was
accompanied by an increased accumulation of the mitochondrial superoxide as well as the loss
of normal mitochondrial morphology and functions at early time points following glutamate
treatment. In addition, we also showed that selective overexpression of SOD2 in HT22 cells
resulted in a strong reduction of mitochondrial superoxide levels, protection of its morphology
and functions, and a strong resistance against glutamate-induced oxidative stress and cell death.
In comparison, selective knockdown of the cytosolic SOD1 did not alter the susceptibility to
glutamate-induced cell death.

Mitochondrial superoxide is produced as a byproduct of the oxidative phosphorylation [30,
31]. It is estimated that approximately 1–3% of mitochondrial oxygen consumed is
incompletely reduced, which subsequently results in the formation of superoxide anion, a
predominant formation of reactive oxygen species (ROS) in the mitochondria [30,31]. There
is mounting evidence suggesting that elevated mitochondrial superoxide production is a
contributing factor in neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s
disease, and amyotrophic lateral sclerosis [23,32]. For instance, oxidative damage was found
to be a common early event in the brain of Alzheimer’s disease patients, well before the onset
of significant pathology and clinical symptoms [33,34]. In addition, an earlier study showed
that melatonin prevented HT22 cells from glutamate-induced neurotoxicity through its strong
antioxidant action in the mitochondria [35]. Similarly, coenzyme Q10 (MitoQ), a
mitochondrial-targeting antioxidant that can modulate ROS-induced mitochondrial
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permeability change, was also found to have a strong protective effect in several in vitro and
in vivo models of oxidative neurodegeneration [36]. The results of our present study of the
mitochondrial SOD2 provided another line of evidence in support of a critical role of the
mitochondrial superoxide in glutamate-induced oxidative neurotoxicity.

Earlier studies showed that glutamate at high concentrations will inhibit cystine uptake
mediated by the glutamate/cystine antiporter, which subsequently results in low intracellular
GSH levels, thereby promoting oxidative stress and cell death [5–7]. The results of our present
study show that a drastic reduction of the total cellular GSH level likely is not a major cause
of cell death. We found that while the total GSH level in SOD2-overespressing HT22 cells was
similarly reduced by approximately 80% as seen in the control cells following glutamate
treatment (Fig. 3J), the SOD2-overexpressing cells survived well whereas the control cells
were mostly killed. The observation on cell viability is in line with an earlier study
demonstrating that only 5–10% of the maximal ROS production is caused by GSH depletion,
whereas the major source of ROS is from the mitochondrial electron transport chain [27].

As depicted in Fig. 6, it is hypothesized that SOD2, but not SOD1, can rapidly catalyze the
conversion from more harmful mitochondrial superoxide to less harmful hydrogen peroxide.
Because the accumulation of mitochondrial superoxide is more harmful than the accumulation
of hydrogen peroxide, the neuroprotective effect of selective overexpression of the
mitochondrial SOD2 is thus attributable to the accelerated conversion of the mitochondrial
superoxide to the less reactive hydrogen peroxide. Because the total GSH level is markedly
reduced due to inhibition of cystine uptake, glutathione peroxidase (GPx) pathway may not
contribute importantly as usual to the conversion of hydrogen peroxide to water. It is expected
that the heme oxygenase 1 (HO-1) pathway may play an important role in the detoxification
of hydrogen peroxide. HO-1 is a mitochondrial enzyme, and a recent study showed that this
enzyme was induced in HT22 cells following exposure to hydrogen peroxide [37].
Mechanistically, the neuroprotective effect of the mitochondrial HO-1 is mediated via the
formation of biliverdin and bilirubin during heme degradation, both of which can serve as
scavengers of the mitochondrial ROS [38,39]. In support of the suggested neuroprotective role
of HO-1, an earlier study showed that induction of HO-1 played a critical role in protection of
neuronal cells against acute oxidative stress induced by hydrogen peroxide or 4-
hydroxynonenal [37]. Besides the HO-1 pathway, another mitochondrial pathway that may
also contribute to the detoxification of hydrogen peroxide is the catalase pathway [40].
However, since catalase is only present in the mitochondria of some tissues [40], further studies
are needed to ascertain the role of this pathway in the detoxification of the mitochondrial
hydrogen peroxide.

Different from glutamate-induced changes, exposure of HT22 cells to hydrogen peroxide did
not markedly induce superoxide accumulation and damage in the mitochondria. This distinct
difference likely is because the exogenously-added hydrogen peroxide mostly targets proteins
and lipids in the cytosolic compartment, as observed in an earlier study showing that the highest
levels of protein oxidation following hydrogen peroxide exposure were seen in the cytosol
[41].

In summary, the results of our present study showed that the mitochondrial SOD2, but not the
cytosolic SOD1, plays a crucial role in protecting neuronal cells against glutamate-induced
oxidative stress and death in HT22 cells. The marked difference in the neuroprotective ability
of the mitochondrial SOD2 vs the cytosolic SOD1 suggests that mitochondrial oxidative stress
is a critical early event in glutamate-induced neuronal cytotoxicity, ultimately resulting in
oxidative neuronal death. These observations also suggest that selective induction of the
mitochondrial SOD2 in the nervous system may represent an effective therapeutic strategy
against oxidative stress-induced neuronal death.
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Figure 1. Induction of neuronal cell death in cultured HT22 cells by glutamate and hydrogen
peroxide
A and B. HT22 cells were treated with glutamate or hydrogen peroxide, respectively, at
indicated concentrations for 24 h, and the cell viability was determined using the MTT assay.
N = 5 for each group. Vertical error bars indicate standard deviation (S.D.). The experiment
was repeated more than three times, and similar results were observed. A representative data
set is shown. C. HT22 cells were treated with 4 or 8 mM glutamate for 8 h or with 500 μM
hydrogen peroxide for 3 h. Cells were then stained with 5 μM MitoSOX Red (a mitochondrial
superoxide indicator), and visualized using a fluorescence microscope. D and E. Quantitative
data of the mitochondrial superoxide levels in glutamate-treated HT22 cells. Analysis was done
by a flow cytometer.
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Figure 2. Effect of SOD1 or SOD2 knockdown on the death of HT22 cells induced by glutamate or
hydrogen peroxide
A. HT22 cells were stably transfected with the SOD1 or SOD2 shRNA plasmid or with a
scrambled non-targeting shRNA plasmid as described in Materials and Methods. Cell extracts
were prepared and subjected to Western blotting of SOD1 and SOD2. Membranes were
stripped and re-probed for GAPDH as a loading control. Shown are results from a
representative experiment. B. Protein level was quantified using the Scion image software
(Scion Corporation, Frederick, MD) and normalized as the ratio to GAPDH. C. Mitochondrial
and cytosolic fractions were isolated from control cells as well as SOD1- and SOD2-knock
down cells. The SOD enzymatic activity in each fraction was measured and normalized as a
ratio relative to the control activity. D and E. Control and SOD-knockdown cells were treated
with glutamate (D) or hydrogen peroxide (E), respectively, at indicated concentrations for 24
h. F. HT22 cells were transfected with the SOD1 siRNA or with a scrambled non-targeting
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siRNA as described in Materials and Methods. Cell extracts were prepared and subjected to
Western blotting of SOD1 and SOD2. Membranes were stripped and re-probed for GAPDH
as a loading control. Protein levels were quantified and normalized as the ratio to GAPDH.
G and H. HT22 cells were transfected with scrambled siRNA or SOD1 siRNA. Forty-eight h
later, cells were treated with glutamate (G) or hydrogen peroxide (H), respectively, at indicated
concentrations for 24 h. Cell viability was determined using the MTT assay. Vertical error bars
indicate standard deviation (S.D.), with N = 5 for each treatment group. The experiment was
repeated over three times, and similar observations were made (a representative data set is
shown). * P < 0.01, **P < 0.001.
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Figure 3. Effect of SOD2 overexpression on glutamate- and hydrogen peroxide-induced cell death
in HT22 cells
A. Western blot analysis of extracts from cells transfected with the control vector or SOD2
expression vector. B–E. Cells with high SOD2 expression were stained with 500 nM
MitoTracker Red and 500 nM Hoechst33342 for 20 min. Cells were visualized using a
fluorescence microscope (B. SOD2GFP. C. MitoTracker Red. D. Hoechst33342. E. Merged
image of three colors). F. Mitochondrial and cytosolic fractions were isolated from control
cells and cells with high SOD2 expression. SOD enzymatic activity in each fraction was
measured and normalized as the ratio to the control cells. G. Morphological changes of cells
with low or high SOD2 expression following treatment with 6 mM glutamate for 24 h. H and
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I. Cells with low or high SOD2 expression were treated with glutamate (H) or hydrogen
peroxide (I) at indicated concentrations for 24 h. Cell viability was determined using the MTT
assay. J. Control cells and cells with high SOD2 expression were treated with 4 mM glutamate
for 8 h. Total GSH levels were measured and normalized as the ratio to the non-treated cells.
K. Control cells and cells with high SOD2 expression were treated with 4 mM glutamate for
8 h. ATP levels were measured and normalized as the ratio to the non-treated cells. Vertical
error bars indicate standard deviation (S.D.), with N = 5 for each treatment group. The
experiment was repeated over three times, and similar observations were made (a
representative data set is shown). * P < 0.05, **P < 0.01.

Fukui and Zhu Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2011 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Effect of SOD expression levels on mitochondrial superoxide generation
(A) HT22 cells with stable knockdown of SOD1 or SOD2 were treated with 4 mM glautamate
for 8 h, and then stained with MitoSOX Red. Mitochondrial superoxide generation was
visualized using a fluorescence microscope. (B) HT22 cells with stable knockdown of SOD1
or SOD2 were treated with 2 mM glautamate for 8 h, and then stained with MitoSOX Red.
Quantitative analysis of mitochondrial superoxide was carried out using a flow cytometer.
(C) HT22 cells with SOD2 high-expression were treated with 8 mM glutamate for 8 h, and
then stained with MitoSOX Red. Mitochondrial superoxide generation was visualized using a
fluorescence microscope. The experiment was repeated three times, and similar results were
obtained (a representative data set was shown). Vertical error bars indicate standard deviation
(S.D.), with N = 3 for each treatment group.
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Figure 5. Effect of SOD1 or SOD2 knockdown on glutamate-induced mitochondrial dysfunction
in HT22 cells
A. Cells stably transfected with the SOD1 or SOD2 shRNA plasmid were treated with 4 mM
glutamate. After 12-h incubation, cells were stained with DiOC6(3) and then mitochondrial
membrane potential (MMP) was determined using a flow cytometer. Shown are results from
a representative experiment. B–H. HT22 cells were treated with glutamate at indicated
concentrations for 12 h before examination by transmission electron microscopy. B, C, and
D. TEM images for the control shRNA plasmid-transfected HT22 cells. E. TEM image for
SOD2-knockdown HT22 cells. F. TEM for SOD2 high expression cells. G and H. Enlarged
TEM images of the intracellular organelles in the regions outlined with a box in panels B and
E, respectively
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Figure 6. A putative scheme depicting the mitochondrial superoxide detoxification pathways in
SOD2-overexpressing HT22 neuronal cells
SOD2, but not SOD1, mediates the conversion of the highly cytotoxic mitochondrial
superoxide (O2

−) to hydrogen peroxide (H2O2). Hydrogen peroxide can be further detoxified
by different pathways. Because the total glutathione (GSH) level is markedly reduced
following glutamate treatment, it is likely that the glutathione peroxidase (GPx) pathway may
not contribute importantly as usual to the conversion of hydrogen peroxide to water. In
comparison, the mitochondrial HO-1 pathway is expected to play a more important role in
detoxifying hydrogen peroxide. HO-1 inactivates hydrogen peroxide indirectly via the
formation of biliverdin and bilirubin, both of which can serve as effective ROS scavengers.
Notably, an earlier study [37] reported that HO-1 is inducible following exposure to hydrogen
peroxide, thus suggesting that the HO1 pathway may play a critical role in the protection against
glutamate-induced neuronal damage. The abbreviations used: GSSG, oxidized form of
glutathione; GR, glutathione reductase.
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