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Proteomic analysis of oxidative stress-induced neuronal
cell death by using two-dimensional fluorescence
difference gel electrophoresis
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Abstract. Oxidative stress has been implicated in a number of
neurological disorders, including cerebral ischemia and neuro-
degenerative diseases. Comprehensive proteomic studies were
carried out using an immortalized mouse hippocampal cell line,
HT?22, exhibiting oxidative stress-mediated cell death upon
glutamate treatment. Two-dimensional fluorescence difference
gel electrophoresis (2D DIGE) of subcellular organelle
fractions revealed that significant numbers of proteins showed
quantitative changes during HT22 cell death, among which a
total of 51 proteins were identified by mass spectrometry.
The identified proteins indicate that HT22 cell death occurs
through perturbations in mitochondrial function, changes in
translational elongation machinery, and translocation of
proteins across subcellular organelles. This list of proteins may
shed light on oxidative stress-mediated neuronal cell death.

Introduction

Oxidative stress of neuronal cells is considered an important
factor in the onset or progression of several neurodegenerative
diseases, including Alzheimer's and Parkinson's disease, and
ischemic reperfusion injury (1-3). Reactive oxygen species
(ROS), which are generated as by-products of many metabolic
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processes, including monoamine metabolism, mitochondrial
electron transport chain and arachidonic acid oxidation, are
the principal mediators of neuronal cell death. The damage
caused to various macromolecules by chemical reactions
with ROS can initiate cellular apoptosis or lead to cell death
by necrosis (4,5). However, neuronal cell death signaling is
still not fully understood, and the series of events may differ
depending upon the nature and concentration of apoptotic
stimuli as well on as the particular neuronal population or
cell types.

Glutamate induces cell death through two distinct path-
ways, receptor-initiated excitotoxicity and non-receptor-
mediated oxidative glutamate toxicity (6). The HT22 mouse
hippocampal cell line that phenotypically resembles neuronal
precursor cells has been used in model studies of glutamate-
induced oxidative toxicity (6-8). Since this cell line lacks
functional ionotropic glutamate receptors, the effect of gluta-
mate on these cells is not due to receptor-initiated excito-
toxicity (9), but is related to the glutamate/cystine antiporter,
which is required for the delivery of cystine into neuronal cells.
Inhibition of cystine uptake by glutamate leads to depletion
of cellular glutiathone (GSH), activation of neuronal
12-lipoxygenase (12-LOX), accumulation of ROS, and
elevation of intracellular Ca?*. Increased ROS production and
high Ca?* levels are important requirements for the initiation
of the apoptotic pathway. It is noteworthy that a similar non-
receptor-mediated glutamate oxidative toxicity has been
reported in immature cortical neurons, implying that the
mechanisms responsible for glutamate toxicity in HT22 cells
may apply to some in vivo cases (10). Therefore, the oxidative
pathway of glutamate toxicity serves as a model to study the
response of neuronal cells to oxidative stress (7,8).

Although many research groups have studied glutamate
toxicity in HT22 cells, global systematic studies on its
detailed mechanism have not been carried out. In this study,
we carried out extensive proteomic studies on glutamate-
treated HT22 cells to identify the candidate key proteins that
mediate neuronal injury. By using two-dimensional
fluorescence gel electrophoresis (2D DIGE) analysis after
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prefractionation of HT22 cells treated with glutamate, we
identified a total of 51 spots that were up- or down-regulated
by oxidative stress, most of which are involved in protein
folding, anti-oxidant functions, translation elongation,
cytoskeletal remodeling, and the general apoptosis pathway.
The information obtained from our proteomic studies could
help identify which proteins are involved in glutamate-induced
oxidative stress in neuronal cells, thereby increasing our
understanding of the neuronal cell death pathway.

Materials and methods

Antibodies and reagents. Electrophoresis reagents including
acrylamide solution, Immobiline dry strip, IPG buffer and
IPG cover mineral oil were purchased from GE Healthcare.
The anti-histone, Sp1l, and VDAC monoclonal antibody were
purchased from Santa Cruz Biotechnology Inc. All other
chemicals and enzymes including fluorescent dyes were from
Sigma or GE Healthcare.

Sample preparation and 2D DIGE. The mouse HT22 hippo-
campal cell line was maintained in Dulbecco's modified Eagle's
medium (Gibco BRL, Gaithersburg, MD) with 10% fetal
bovine serum (Atlanta Biologicals, Atlanta, GA). Cell viability
was assessed by measuring their ability to metabolize 3-(4,5-
dimethyldiazol-2-yl)-2 5-diphenyltetrazolium bromide (MTT),
and the assay was carried out according to the manufacturer's
recommendations.

The cytosol, nucleus, and mitochondria fractions were
prepared by differential centrifugation (11). The fractionated
samples were solubilized in a lysis buffer (30 mM Tris pH 8.5,
7 M urea, 2 M thiourea, and 4% 3-[(3-cholamidopropyl)-
dimethylammonio] propanesulfonate [CHAPS]). CyDyes
(Cy2, 3, and 5 from GE Healthcare) were then added to each
protein lysate and incubated on ice in the dark for 30 min.
Protein samples to be separated on the same gel were pooled
and 3 volumes of acetone were added. After centrifugation,
the precipitate was re-hydrated using a rehydration buffer (7 M
urea, 2 M thiourea, 4% CHAPS, 2% ampholyte and 20 mM
DTT), and isoelectric focusing was carried out using a
Multiphor II (GE Healthcare) apparatus. After focusing, each
strip was equilibrated twice for 15 min in 2x2.5 ml
equilibrium buffer. The equilibrium buffer contains 50 mM
Tris pH 8.8, 6 M urea, and 30% glycerol. During the second
equilibrium step, 260 mM iodoacetamide was added to the
equilibrium buffer. The IPG strips were then loaded and
separated on a 12% acrylamide SDS-PAGE gel using a
DALTI12 (GE Healthcare) apparatus. Images were acquired
with a Typhoon 9410 scanner (GE Healthcare) using 520BP40
(Cy2), 580BP30 (Cy3), and 670BP30 (Cy5) emission filters.
The resolution was set to 100 zm. Images were analyzed
using the DeCyder Differential Analysis Software v5.0 (GE
Healthcare) in both the DIA and BVA module. Only spots with
2-fold changes in volume after normalization in at least three
separate experiments (P<0.05) were defined as altered.

Protein identification with mass spectrometry. The separated
proteins in SDS-PAGE gels were visualized by silver staining.
The stained gel images were compared with the original
DeCyder analysis experiments and matched. The spots of
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Figure 1. Effect of glutamate-induced oxidative toxicity on HT22 cell viability.
(a) Effect of glutamate on HT22 cell viability. HT22 cells were seeded into
96-well plates at 5,000 cells per well and grown for 24 h. Cells were then
treated with 5 mM glutamate. At each time point, cell viability was measured
using an MTT assay. (b) Light microscopic morphology of glutamate-treated
HT22 cells. Morphology of HT22 cells treated with 5 mM glutamate was
changed. (c) Confirmation of HT22 cell fractionation quality using fraction-
specific antibodies.

interest were either manually excised or automatically
detected and excised using the Xcise™ apparatus (Shimadzu
Biotech, Japan). Gel pieces were washed twice with 150 ul
of 100 mM ammonium bicarbonate (pH 8.2) and 70% v/v
acetylnitrile (ACN), and dried at 37°C for 20 min. Trypsin in
50 mM ammonium bicarbonate (20 xg/ul) was added to each
gel piece and incubated at 37°C for 2 h. Peptides were then
extracted using a mixture containing 20 ul of 0.1% v/v tri-
fluoroacetic acid (TFA) and 70% ACN. The peptide solution
was either manually or automatically desalted and concentrated
using ZipTips™ (Millipore, Bedford, MA) (8,12), and spotted
onto an Axima Maldi target plate. The peptide mass spectra
of tryptic peptides were generated by using an Axima CFR+
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometer (MALDI-TOF-MS; Shimadzu Biotech, Japan).
The peptide masses were matched with the theoretical peptide
masses obtained from the mouse database of the NCBInr using
Mascot with the automated Mascot Daemon v.2.0 (Matrix
Sciences, London, UK).

Western blot analysis. Fractionated samples were resuspended
in an SDS sample buffer (62.5 mM Tris-HCI pH 6.8, 2.3%
SDS, 10% glycerol, 5% 2-mercaptoethanol and 0.005%
bromophenol blue). Proteins (10-50 pg) were separated by
SDS-PAGE in 12% gels and detected immunologically after
electrotransfer onto nitrocellulose membranes. Membranes were
blocked in phosphate-buffered saline (PBS) containing 5%
powdered skim milk and 0.05% Tween-20 for 2 h at room
temperature. Membranes were then incubated overnight with
goat anti-mouse primary antibody in blocking solution and
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Figure 2. Representative 2D DIGE images of each subcellular fraction. Samples were prepared as described in Materials and methods. Pooled standard, O h
control, and 8 h glutamate-treated samples were labeled with Cy2, Cy3, and Cy5 (or Cy2, Cy5, and Cy3), respectively. They were then loaded on a gel and

scanned with CyDye-specific wavelength using a Typhoon 9410 scanner.

then with horseradish peroxidase-conjugated anti-goat (1:2,000)
IgG for 1 h. Blots were visualized using the Amersham ECL
system.

Results and Discussion

Identification of altered proteins. As an initial step, cell
viability after glutamate treatment was assayed using an
MTT-based assay. As shown in Fig. 1A, there was no
significant change in HT22 cell viability until 6 h after the
addition of glutamate. Cell viability gradually decreased
between 6 and 8 h. About 70% of HT22 cells died at 8 h. In
addition, HT22 cells treated with 5 mM glutamate continuously
changed into shrunken, rounded cells (Fig. 1B). On the base
of these data, we decided to analyze the proteome changes in
HT22 cells between 0-8 h after treatment with 5 mM glutamate.

We fractionated HT22 cells into three portions (cytosol,
nucleus, and mitochondria) by using a differential centri-
fugation method (11). We tested the fractionation quality of
every sample used in proteomic analyses by using antibodies
against suborganelle-specific marker proteins (Fig. 1C). Protein
spots that exhibited changes >2-fold in magnitude in three or
more replicated gels were selected for peptide fingerprinting.
The analysis of the fractions by gel electrophoresis after 8§ h
of glutamate treatment showed 49, 21, and 36 reproducible
protein changes in the cytosol, mitochondria, and nucleus
fractions, respectively (data not shown). Among these, 33, 18,
and 21 proteins were identified by peptide fingerprinting using
MALDI-TOF mass spectrometry. Proteins known to be
located in the cytosol, such as actin, tubulin and vimentin,
were identified in the nucleus fraction as differentially
expressed proteins (data not shown). Thus, we focused our
analysis on data from the cytosol and mitochondria fractions
(Table I; Fig. 2).

Cellular defence against oxidative stress. Heat shock protein
70 (HSP70) was up-regulated in the cytosol fraction. This
protein is a molecular chaperone that protects other proteins
during cellular stress (13,14). Previously, it was reported that
glutamate-induced HT22 cell death was attenuated in cells
overexpressing HSP70 (15). Under normal conditions,
HSP70 functions as an ATP-dependent chaperone by assisting
the folding of newly synthesized proteins and polypeptides,
the assembly of multi-protein complexes, and the transport of
proteins across cellular membranes (16,17). When HSP70 is
up-regulated by cellular stress, it interacts with several
components of apoptotic machinery including Apaf-1 and
apoptosis-inducing factor (AIF), indicating that HSP70 may
affect the apoptosis signaling pathway in addition to directly
protecting protein unfolding (16,17).

Antioxidant proteins, such as several peroxiredoxins and
superoxide dismutase 2, were differentially regulated in the
cytosol or mitochondria fractions. Previously, it was reported
that peroxiredoxin 1 and 5 have been shown to ameliorate
ROS-induced cytotoxicity (18). These results clearly showed
that the defense system involving antioxidant enzymes against
oxidative stress is activated by glutamate-induced stress. In
addition to antioxidant proteins, NADP*-specific isocitrate
dehydrogenase was up-regulated in the cytosol. Cytosolic
NADP+-specific isocitrate dehydrogenase appears to modulate
the status of oxidative damaged cells (19). This protein was
highly overexpressed in the cytosolic fraction after oxidative
stress, implying the involvement of this enzyme in glutamate-
induced HT22 cell death.

Cytoskeletal remodelling. Vimentin, actin vy, annexin A3, and
tubulin o which are involved in cytoskeletal remodeling, were
also identified. In particular, vimentin and tubulin were
identified at several different positions. Vimentin was reported
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Table I. The identified proteins during glutamate-induced HT22 cell death.

Spotno.  Accession no. Protein name Function Moscot score ~ Coverage (%) Alteration
C-1 2il29748016 Heat shock 70 kD protein Molecular chaperone 190 41 2011
C-3 gi123958822 Glucose related protein Molecular chaperone 182 39 3.301
C-4 gil47847514 mFLJ00343 protein Unknown 74 9 3.601/3.411/
2.851/2.541
C-5 gil38511951 Eukaryotic translation Translation 101 20 2.621/2.871/
elongation factor 2 3.78%
C-6 gil9845253 Heterogeneous nuclear Translation 134 42 2011
ribonucleoprotein H2
C-18 gil55777182 Cofilin 1, non-muscle Cytoskeleton 64 46 4231
C-19 gil56270600 Nme?2 protein Metabolism 82 67 2231
C-20 gil30519911 Transgelin-2 Cytoskeleton 116 46 3421
C-25 gil51980699 Peroxiredoxin-2 Redox protein 72 24 2.781
C-28 gil2078001 Vimentin Cytoskeleton 118 31 3.107
C-31 gil5902663 Elongation factor 18 homolog Translation 79 44 2.24)
C-33 gil2078001 Vimentin Cytoskeleton 104 55 3951
C-34 gil2078001 Vimentin Cytoskeleton 218 61 10.501
C-35 gil2078001 Vimentin Cytoskeleton 149 55 8.601
C-36 £il2078001 Vimentin Cytoskeleton 218 61 7501
C-37 2il49868 Putative 5-actin (aa 27-375) Cytoskeleton 104 26 3.281
C-41 gil53733821 Tubulin a6 Cytoskeleton 79 38 2.53)
C-45 gil7305485 SH3-domain GRB2-like 1 Unknown 92 35 226
C-46 gil55391513 Calponin 3, acidic Cytoskeleton 80 35 470}
C-48 gil18203574 Ubiquitin carboxyl-terminal Signal transduction 155 47 2.391
hydrolase isozyme L5
C-49 gil10442752 Eukaryotic translation Translation 114 40 3.321
elongation factor 19
C-50 gil30267702 Peroxiredoxin 6 Redox protein 148 58 2.16|
C-51 gil10442752 Eukaryotic translation Translation 114 40 2771
elongation factor 19
C-68 gil6137391 Chain B, crystal structure Metabolism 72 38 3031
of Mgsta 4-4
C-71 gil17390379 Superoxide dismutase 2 Redox protein 90 42 2007
C-72 2il34328230 Adenylate kinase 2 Signal transduction 80 36 2.341
C-74 gil56103807 Peroxiredoxin 1 Redox protein 180 44 3451
C-75 gil56103807 Peroxiredoxin 1 Redox protein 177 44 6.46|,
C-76 gil51772149 Similar to glyceraldehyde 3 Metabolism 163 56 2.69|
phosphate dehydrogenase
C-78 gil37748684 Isocitrate dehydrogenase 2 Metabolism 150 44 4951
(NADP+)
C-80 gil6753304 Serine protease inhibitor, Unknown 79 29 2291
clade H, member 1
C-82 gil30802174 Serine hydroxymethyl Metabolism 198 43 2.631
transferase 2 (mitochondrial)
C-84 gil7548322 Aldolase A Metabolism 105 29 2.781
M-3 gil31542559 Dihydrolipoamide Metabolism 165 35 2,111
S-acetyltransferase
M-15 gil26353794 Unnamed protein Unknown 88 24 2.741
M-23 2il6680690 Peroxiredoxin 3 Redox protein 48 18 2.641
M-30 gil31981925 Tyrosine 3-monooxygenase Metabolism 113 56 202)
M-32 gil51593617 Unknown (protein for Unknown 87 36 2991
IMAGE:5371853)
M-36 gil13162318 Calcium binding protein P22 Signal transduction 123 76 2.25¢
M-42 2il6680027 Glutamate dehydrogenase 1 Metabolism 262 54 2031
M-43 2il1826680 3-oxoacid CoA transferase 1 Metabolism 131 36 2.111
M-45 gil27370092 Tu translation elongation factor ~ Translation 202 51 2001
M-46 219789985 Isovaleryl CoA dehydrogenase Metabolism 96 25 2.141
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Table I. Continued.
Spot no. Accession no. Protein name Function Moscot score Coverage (%) Alteration
M-47 2il31982520 Acetyl CoA dehydrogenase, Metabolism 106 33 2.08%
long chain
M-49 2il31981830 Cytochrome c oxidase, Metabolism 63 81 205
subunit VIla 2
M-66 2il6678952 Methylenetetrahydrofolate Metabolism 113 38 2031
dehydrogenase 1
M-70 gil30802174 Serine hydroxymethyl Metabolism 232 35 2.13%
transferase 2
M-71 gil6680748 ATP synthase, H* Metabolism 313 51 2.181
transporting, a subunit
M-77 gil1200100 Malate dehydrogenase Metabolism 208 63 2111
M-84 gil33859554 Fumarate hydratase 1 Metabolism 85 22 2.02¢
M-92 gil18079339 Aconitase 2, mitochondrial Metabolism 113 20 2.001
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Figure 3. The quantification of eEF2 using Western blotting and DeCyder software. (a) Western blot validation of 2D DIGE results. eEF2 was selected for
further validation by using Western blotting of cytosolic fraction. Western blot analysis confirmed an increase in the expression of eEF2 in glutamate-induced
oxidative toxicity of HT22 cells. (b) Comparison analyses of eEF2 spot intensities by DeCyder-DIA. The post-translational modification levels of three eEF2s

in response to oxidative stress are shown.

to be rapidly proteolyzed by multiple caspases into similar-
sized fragments during apoptosis induced by many stimuli
(20). The caspase cleavage of vimentin disrupts its cytoplasmic
network of intermediate filaments and coincides temporally
with nuclear fragmentation. Choi et al reported that vimentin is
oxidized rapidly after glutamate treatment in HT22 cells (21).

Actin is the principal component of the eukaryotic cyto-
skeleton. Regulation of actin dynamics by actin-binding
proteins is essential for control of cell shape, cytokinesis and
motility. Among the actin-binding proteins, gelsolin and cofilin
are already thought to be involved in the apoptosis process
(22,23). We observed alteration in cofilin 1 and transgelin 2,
suggesting that cytoskeletal remodeling may be involved in
glutamate-induced toxicity of HT22.

Proteins involved in translation elongation. We observed
alterations in several translational elongation factors including
eukaryotic translation elongation factors (¢EF)-18 homolog,
eEF-15 and eEF2 in both the cytosol and nucleus fractions
consistent with previous reports regarding the regulatory role
of translation factors in apoptosis (24). The role of eukaryotic
translation initiation factor 2a in the protection of cells from
oxidative stress was also suggested (25,26). Additionally,
mitochondrial translational elongation factor Tu was also
detected as an up-regulated protein (27).

Post-translational modification and subcellular translocation.
In many cases, we detected post-translational modification
(PTM)-induced isoforms on our 2D DIGE gels. The most
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representative proteins with potential PTMs are eEF2 and
HSP70 (Fig. 3A). eEF2 is a member of the GTP-binding
translation elongation factor family and an essential factor
for protein synthesis. This protein is known to be completely
inactivated upon phosphorylation by eEF2 kinase, whose
activity is dependent on Ca?** and calmodulin. Glutamate-
induced Ca?* increase in HT22 cells may trigger phos-
phorylation of eEF2, halting the translation process. HSP70
was also detected at several spots. This protein is also known
to be phosphorylated, but the role of the phosphorylation is
unknown. In addition, several other potential PTMs were found
in the 2D DIGE gels, but further analysis for verification and
validation of their significance in HT22 cell death is required.

Transgelin 2, also known as SM22-a homolog (28), was
detected as up-regulated in the cytosol but decreased in the
nucleus. Interestingly, the pl values of this protein in the
cytosol and nucleus are different, indicating that PTMs had
also happened during translocation. Adenylate kinase 2 was
known as a mitochondrial protein (29). However, we detected
adenylate kinase 2 as an up-regulated protein in cytosol
(Table I). Thus, adenylate kinase 2 may have translocated
from the mitochondria to the cytosol. Adenylate kinase 2
translocation during apoptosis was previously reported by
other groups (30,31). It has been proposed that glutamate
dehydrogenase 1 and isocitrate dehydrogenase 2 are localized
in the mitochondrial matrix (32,33). In our experiment, these
enzymes were identified as up-regulated in the cytosol. Thus,
these enzymes also have the potential for translocation from
the mitochondria to the cytosol during HT22 cell death.

Oxidative stress is believed to occur during the patho-
genesis of many neurodegenerative diseases. To understand
the mechanism of oxidative stress induced neuronal cell
death, we carried out extensive proteomic studies on the
mouse hippocampal HT22 cell line. Traditional two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE)
of cell lysates is the basis of proteomic studies, but there are
several technical limitations (34). To overcome these
technical limitations, we adopted the 2D DIGE technique,
which is aimed at improving reproducibility and decreasing
inter-gel variation (35). In addition, the subcellular
fractionation method was applied to reduce sample
complexity and investigate the translocation of proteins
between subcellular compartments. The use of two separate
24-cm IPG strips (pH 4-7 and 6-9) further reduced the sample
complexity. These allowed more low-abundant proteins to be
visualized, from which a total of >5,000 protein spots were
analyzed.

It has been reported that oxidative stress kills nerve cells
via a pathway that is distinct from classical apoptosis (7). In
contrast to classical apoptosis, there is no nuclear fragmentation,
chromatin condensation, DNA fragmentation, or caspase 3
processing/activation in glutamate-induced nerve cell death.
In our studies, exposure of mouse neuronal HT22 cells to
oxidative glutamate toxicity induced major changes in the
global protein expression pattern. We also did not detect
changes in the proteins involved in nuclear fragmentation,
chromatin condensation, or DNA fragmentation. Apoptosis-
inducing factor (AIF), a mitochondrial flavoprotein, trans-
locates to the nucleus upon apoptosis induction, where it
triggers caspase-independent nuclear changes. In our study,
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HSP70 was up-regulated in the glutamate-treated cytosol
fraction. HSP70 is known to inhibit apoptosis by neutralizing
and interacting with AIF (36). Overexpression of HSP70 also
ameliorates glutamate-induced cell death in HT22 cells (18).
More extensive studies are needed to elucidate whether HSP70
interacts with AIF or if AIF has certain functional roles in
glutamate-induced cell death.

The proteome analysis in this study revealed changes in
translational elongation machinery during HT22 cell death.
In the case of translation initiation, e[F2a and eIF5A were
already known to be involved in the apoptosis pathway
(24,25,37). However, little is known regarding the role of
translation elongation factors in apoptosis. In our analyses, we
detected significant changes in several translation elongation
factors, including eEF2 and mitochondrial translation
elongation factor Tu. eEF2 was identified at several spots
located horizontally on 2D DIGE gels, implying multiple
protein PTMs. Consistent with this finding, eEF2 is known to
be phosphorylated after cellular stress and phosphorylation
deactivates eEF2 (38). The intensity of the 2D gel spot
corresponding to the mitochondrial translational elongation
factor Tu was increased, indicating that HT22 cell death
involves mitochondrial protein synthesis. These results imply
that translational elongation control as well as translational
initiation control are important functional factors in the
oxidative stress response of HT22 cells.

In addition to the differential expression of proteins,
translocation between subcellular organelles was observed in
proteins such as transgelin 2 and adenylate kinase 2. During
apoptosis, the movement of proteins, including cytochrome c,
AIF, and EndoG, in or out of mitochondria is essential (39).
The cytoskeletal protein cofilin was found to translocate from
the cytosol to the mitochondria after induction of apoptosis,
playing an important function during the initiation phase of
apoptosis (39). Interestingly, in our analyses, cofilin was
increased in the cytosol after glutamate treatment. The
difference may originate from different cell types and/or phases
of apoptosis, but this requires further validation. Glutamate
dehydrogenase 1 appears to translocate from the mitochondrial
matrix to the cytosol. In the normal brain, glutamate dehydro-
genase 1 is involved in learning and memory by increasing
turnover of the excitatory neurotransmitter glutamate (40).
Increased levels of glutamate dehydrogenase 1 likely play a
role in metabolizing excess intracellular glutamate in HT22
cell death.

In summary, the extensive proteomic studies utilizing the
2D DIGE technique identified various proteins playing
important roles in glutamate-induced HT22 cell death. The
varied expression levels, PTMs, and subcellular translocations
of the proteins clarify the mechanisms underlying oxidative
stress-induced neuronal cell death that often occurs during
ischemic brain damage.
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