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Previous studies in our laboratory have shown thatmixed lin-
eage kinase 3 (MLK3) can be activated following global ische-
mia. In addition, other laboratories have reported that the acti-
vation of MLK3 may be linked to the accumulation of free
radicals. However, the mechanism of MLK3 activation remains
incompletely understood. We report here that MLK3, overex-
pressed in HEK293 cells, is S-nitrosylated (forming SNO-
MLK3) via a reaction with S-nitrosoglutathione, an exogenous
nitric oxide (NO) donor, at one critical cysteine residue (Cys-
688).We further show that the S-nitrosylationofMLK3contrib-
utes to its dimerization and activation. We also investigated
whether the activation of MLK3 is associated with S-nitrosyla-
tion following rat brain ischemia/reperfusion. Our results show
that the administration of 7-nitroindazole, an inhibitor of neu-
ronal NO synthase (nNOS), or nNOS antisense oligodeoxy-
nucleotides diminished the S-nitrosylation of MLK3 and inhib-
ited its activation induced by cerebral ischemia/reperfusion. In
contrast, 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine (an
inhibitor of inducible NO synthase) or nNOSmissense oligode-
oxynucleotides did not affect the S-nitrosylation of MLK3. In
addition, treatment with sodium nitroprusside (an exogenous
NO donor) and S-nitrosoglutathione or MK801, an antagonist
of theN-methyl-D-aspartate receptor, also diminished the S-ni-
trosylation and activation of MLK3 induced by cerebral ische-
mia/reperfusion. The activation of MLK3 facilitated its down-
stream protein kinase kinase 4/7 (MKK4/7)-JNK signaling
module and both nuclear and non-nuclear apoptosis pathways.
These data suggest that the activation ofMLK3 during the early
stages of ischemia/reperfusion is modulated by S-nitrosylation
and provides a potential new approach for stroke therapy
whereby the post-translational modification machinery is
targeted.

As a free radical, NO is an endogenous cell signaling mole-
cule involved in the regulation of many physiological and
pathophysiological processes (1). NO and NO-related com-

pounds exert both protective and cytotoxic effects, depending
on the cellular context and the nature of the NO group. The
multifaceted actions of the NO group can be classified into two
categories, cGMP-dependent and cGMP-independent. The
cGMP-dependent actions play critical roles in a variety of phys-
iological processes, including NO-mediated vasodilation. In
contrast, cGMP-independent, nitrosative protein modifica-
tions are postulated to be involved in both physiological and
pathological responses (2).
Endogenous NO is synthesized from L-arginine by NO syn-

thase (NOS) and is associated with S-nitrosylation. S-Nitrosy-
lation, the modification of the covalent attachment to the side
chain of cysteine by anNOgroup, is considered as an important
post-translational modification that has profound effects on
protein function (3). Three subtypes of NOS have been identi-
fied, endothelial NOS, iNOS,3 and nNOS. Glutamate-induced
excitotoxicity, which is mainly associated with an excessive
release of glutamate and subsequent influx of Ca2� via the
N-methyl-D-aspartate (NMDA) subtype of glutamate receptor,
has been implicated in various kinds of neuronal degenerative
diseases, including seizure, Alzheimer disease, and stroke (4, 5).
Ca2� targets include protein phosphatases, protein kinases, and
NOS (6–8). nNOS and iNOS are present in the brain, and the
difference between them is that nNOSmediates early neuronal
injury, and iNOS contributes to late neuronal injury (9). More-
over, nNOS is expressed mainly in neurons, whereas iNOS is
primarily induced under pathological conditions in macro-
phages, microglia, neurons, and astrocytes. In addition, nNOS
is constitutively expressed and responds to calcium-calmodulin
signaling. In contrast, iNOS is induced by inflammatory medi-
ators and is coupled to an activated calmodulin that does not
require calcium for activation (9, 10). Other evidence has also
shown that NO is biosynthesized by nNOS in brain tissue,
which following the increase of the binding of calcium and cal-
modulin is activated by calcium influx through NMDAR (11).
The mitogen-activated protein kinase (MAPK) signaling

pathway is considered to be a critical mediator of neuronal sur-
vival and apoptosis (12, 13). This pathway consists of MAPK
kinase kinases (MAPKKK), MAPK kinases (MAPKK), and
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MAPKs (14). MLK3, a member of the serine/threonine
MAPKKKs, is composed of an N-terminal Src homology 3
domain, amiddle kinase domain, and a C-terminal proline-rich
region. MLK3 phosphorylates and activates MAPKKs, includ-
ing MKK4 and MKK7, which in turn activates JNKs (members
of the MAPK family), at both Thr-183 and Tyr-185 residues
(15). Many studies have documented that MLK3 activation
facilitates the assembly of the glutamate receptor 6 (GluR6)�
postsynaptic density protein 95 (PSD-95)�MLK3 signaling
module in brain ischemia and reperfusion (16). In addition, it
has been reported that homodimerization and the autophos-
phorylation of Thr-277 and Ser-281 is the principalmechanism
that regulates the activity of MLK3 (17) and that MLK3 can be
regulated by the small GTP-binding proteins, Cdc42 and Rac1
(17, 18). In addition, our early reports that the antioxidant
N-acetylcysteine significantly blocks the activation peaks of
MLK3 in the early stages of ischemia/reperfusion (19), have
indicated that activatedMLK3 also associates with free radicals
in the signaling events that follow brain ischemia. However, the
mechanism underlyingMLK3 activation remains incompletely
understood. Previous studies have shown that JNK3 can be acti-
vated by the upstream proteinMLK3 during ischemia-reperfu-
sion in the rat hippocampus (16, 17, 20). Consequently, acti-
vated JNK may translocate into the nucleus, leading to cell
apoptosis via the phosphorylation of c-Jun and enhancement of
the expression of Fas ligand (FasL). At the same time, activated
JNK can cause mitochondrion-mediated apoptosis by regulat-
ing the activity of Bcl-2 and inducing the release of cytochrome
c (16, 20). Consequently, FasL and cytochrome c can activate
caspase-3 and ultimately induce apoptosis.
Based upon the evidence mentioned above, we hypothesize

that following brain ischemia/reperfusion, Ca2� influx via
NMDAR leads to the formation of calcium-calmodulin signal-
ing compounds, which activate nNOS and increase the release
of endogenousNO. This augmentation of endogenousNOmay
S-nitrosylate MLK3 by adding NO to the thiol moiety of reac-
tive cysteine residues and activating this protein MLK3, which
in turn facilitates the activation of the JNK signaling pathway
and finally exacerbates ischemic neuron death. In this study, we
initially examined whether MLK3, which is overexpressed in
HEK293 cells, is S-nitrosylated by reaction with GSNO at Cys-
688 and whether this contributes to its dimerization and acti-
vation. Second, we show that cerebral ischemia induces the
S-nitrosylation ofMLK3 at different time points of reperfusion.
When treated with 7-NI and exogenous NO donors (SNP and
GSNO), the activation of nNOS was inhibited. This leads to a
decrease in the levels of S-nitrosylated MLK3 during the early
stages of reperfusion, further down-regulates the downstream
signaling pathway of JNK, and finally induces neuroprotection
in the hippocampal CA1 region.

MATERIALS AND METHODS

Antibody and Reagents—The following primary antibodies
were used: anti-p-JNKs (sc-6254), anti-p-c-Jun (sc-16312),
anti-MKK4 (sc-837), anti-FasL (sc-6237), anti-Fas (sc-716),
anti-actin (sc-10731), and anti-Bcl-2 (sc-492). All were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit polyclonal anti-nNOS (4234) (used for Western blot-

ting), anti-p-MLK3 (2811), anti-MLK3 (2817), anti-p-MKK4
(9156), anti-p-MKK7 (4171), anti-MKK7 (4172), anti-c-Jun
(9162), anti-cytochrome c (4272), anti-COX IV (4844), and
anti-caspase-3 (9662) were acquired from Cell Signaling Bio-
technology (Boston). The secondary anti-mouse IgG (A1682)
or anti-rabbit IgG (T6778) used in our experiments were pur-
chased from Sigma. Nitrocellulose filters were acquired from
Amersham Biosciences. 5-Bromo-4-chloro-3-indolyl phos-
phate and nitro blue tetrazolium were obtained from Promega
(Madison, WI). CHAPS, SNP, GSNO, MK801, 7-NI, AMT,
N-ethylmaleimide (NEM), DL-dithiothreitol (DTT), methyl
methanethiosulfonate, streptavidin-agarose, and other chemi-
cals were all from Sigma. The RT-PCR primers used to amplify
MLK3, mutant MLK3 plasmids, nNOS AS-ODN, and
MS-ODN were synthesized by the Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd.
Plasmids—A full-length rat pME18s-nNOS expression plas-

mid was obtained from Professor Yasuo Watanabe (Depart-
ment of Pharmacology and Ophthalmology, Nagoya Univer-
sity School of Medicine, Showa-ku, Nagoya, Japan). The
pcDNA3.1-MLK3 plasmid was constructed as follows. Total
RNAwas isolated from fresh rat hippocampi. TheMLK3 insert
was amplified by RT-PCRusing the following primers: primer 1
(sense primer, with anNheI site), 5�-TAGCTAGCATGGAGC-
CCTTGAAGAACC-3�, and primer 2 (antisense primer with
EcoR I site), 5�-CGAATTCGGGCCCTGCTTCTGGTGC-3�.
The PCRproduct and the pCDNA3.1 vectorwere then digested
with NheI and EcoRI and ligated to generate pCDNA3.1-
MLK3. This construct was used to transfect HEK293 cells.
Site-directed Mutagenesis of MLK3—Mutant MLK3 plas-

mids were constructed using the pCDNA3.1-MLK3 plasmid as
a template. Each cysteine residue of MLK3 was mutated to gly-
cine. The following sets of forward and reverse primers were
used to introduce mutations at Cys-110, -184, -191, -232,
-328, -348, -359, -564, -688, and -831: C110G, GTGGAG-
GCCCACCCCCCGGTGAGGTGGCCAGCTTC (forward)
and GAAGCTGGCCACCTCACCGGGGGGTGGGCCT-
CCAC (reverse); C184G, CCTCAAAGCTGTGGGCCTGG-
AGGAGCC (forward) and GGCTCCTCCAGGCCCACAG-
CTTTGAGG (reverse); C191G, CCTCAAAGCTGTGGGC-
CTGGAGGAGCC (forward) and GGCTCCTCCAGGCCC-
ACAGCTTTGAGG (reverse); C232G, GGGATGCACTA-
CCTGCACGGTGAGGCTCTAGTGCCTG (forward) and
CAGGCACTAGAGCCTCACCGTGCAGGTAGTGCA-
TCCC (reverse); C328G, CCCTACCGTGGTATCGACGG-
TCTTGCGGTAGCCTATG (forward) and CATAGGCT-
ACCGCAAGACCGTCGATACCACGGTAGGG (reverse);
C348G, CCCATCCCATCCACTGGCCCTGAGCCCTTCG
(forward) and CGAAGGGCTCAGGGCCAGTGGATGGG-
ATGGG (reverse); C359G, CACAACTCATGGCTGACGGC-
TGGGCACAGGACCCC (forward) and GGGGTCCTGTGCC-
CAGCCGTCAGCCATGAGTTGTG (reverse); C564G, GGA-
GAGAGGCGTGCTGGCTGGGCCTGGGGTC (forward) and
GACCCCAGGCCCAGCCAGCACGCCTCTCTCC (reverse);
C688G, CACAGATGGCTTCACCCGGTCCACCTGACCT-
GCCC (forward) and GGGCAGGTCAGGTGGACCGGGT-
GAAGCCATCTGTG (reverse); and C831G, CGGGGAGG-
CTCCCAGGACGGCAGGACGCAGACCAAAG (forward)
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and CTTTGGTCTGCGTCCTGCCGTCCTGGGAGCCT-
CCCCG (reverse). All mutant plasmids were constructed
using the QuikChange II kit (Stratagene, La Jolla, CA).
Mutagenesis was confirmed by automated nucleotide
sequencing.
Cell Culture and Plasmid Transfection Analysis—HEK293

cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) supplemented with 10% fetal calf serum
(37 °C, 5%CO2).Wild-type (WT) ormutant pCDNA3.1-MLK3
plasmids were transfected into HEK293 cells using Lipo-
fectamine 2000 and Opti-MEM I reagents (Invitrogen) in
accordance with the manufacturer’s instructions (achieving an
�60% transfection efficiency as determined by GFP labeling).
After transfection, cells were cultured at 37 °C with 5% CO2 for
48 h before treatment with either 500 �M GSNO or 250 �M

NEM and then treatment with GSNO 30 min later. The cells
were then collected and homogenized in ice-cold HEN buffer
containing 250mMHepes-NaOH, pH 7.7, 1mMEDTA, and 0.1
mM neocuproine. The homogenates were centrifuged at
800 � g for 10 min at 4 °C. Supernatants were collected, and
protein concentrations were determined by the method of
Lowry et al. (21). Samples were stored at�80 °C until use. To
further test the possibility that MLK3 is S-nitrosylated by
endogenous NO, HEK293 cells were transiently transfected
with pCDNA3.1-MLK3 and pME18s-nNOS plasmids in a 1:1
ratio. After 48 h, the cells were exposed to either 10 �MA23187
or 7-NI (10�M) and thenA23187 alone (10�M) for 1 h andwere
then collected. GSNO, NEM, A23187, and 7-NI were prepared
as 20 mM stock solutions in DMEM.
Induction of Ischemia—Adult male Sprague-Dawley rats

weighing 200–250 gwere used (Shanghai ExperimentalAnimal
Center, Chinese Academy of Science, Shanghai, China). Tran-
sient cerebral ischemia was induced using the four-vessel
occludedmethod as described previously (22). Briefly, rats were
anesthetized with chloral hydrate (300 mg/kg, intraperitone-
ally) before both vertebral arteries were occluded permanently
by electrocautery and both carotid arteries were then isolated.
Then rats were allowed to recover for 24 h, and both carotid
arteries were occluded with aneurysm clips to induce cerebral
ischemia without the administration of chloral hydrate. After
occlusion for 15 min, the aneurysm clips were removed for
reperfusion. Rats that lost their righting reflex within 30 s and
those whose pupils were dilated and unresponsive to light were
selected for the experiments. The rectal temperaturewasmain-
tained at 36.5–37.5 °C during ischemia (15 min) and a 2-h rep-
erfusion. Sham control rats were treated using the same surgi-
cal procedures except that the carotid arteries were not
occluded.
Administration of Drugs—The rats were injected intraperito-

neally three times with SNP dissolved in 0.9% NaCl at a dose of
5 mg/kg and with an interval of 1.5 h. The first injection was
given 30 min prior to the induction of ischemia. MK801 (3
mg/kg) orAMT (0.65mg/kg) dissolved in 0.9%NaClwere given
intraperitoneally 20 min before ischemia. 7-NI (25 mg/kg) dis-
solved in 1% dimethyl sulfoxide (DMSO) was intraperitoneally
injected 20 min before ischemia. DTT, dissolved in 0.9% NaCl
at a dose of 10 mM, and GSNO (100 �g/�g), dissolved in 0.9%
NaCl, were administered intracerebroventricularly (10 �l;

bregma, 1.5 mm lateral, 0.8 mm posterior, 3.8 mm deep). 10
nmol of nNOS antisense oligodeoxynucleotides and missense
oligodeoxynucleotides in 10 �l of TE buffer (10 mM Tris-HCl,
pH 8.0, 1mMEDTA)were given to the rats every 24 h for 3 days.
Control rats were intraperitoneally or intracerebroventricu-
larly given the corresponding solvent, i.e. 0.9% NaCl, 1%
DMSO, or TE buffer. The sequences for nNOS AS-ODN and
MS-ODN were 5�-ACGTGTTCTCTTCCAT-3� and 5�-AAA-
GGGAGAACACGT-3�, respectively.
Sample Preparation—Rats were decapitated immediately

after reperfusion with different methods, and the hippocampal
CA1 was isolated and flash-frozen in liquid nitrogen. These
issues were then homogenized in an ice-cold buffer containing
50 mM MOPS, pH 7.4, 100 mM KCl, 320 mM sucrose, 50 mM

NaF, 0.5 mM MgCl2, 0.2 mM DTT (free when S-nitrosylation
was tested), 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4, 20 mM

sodium pyrophosphate, 20mM phosphoglycerol, 1 mM p-nitro-
phenyl phosphate, 1 mM benzamidine, 1 mM phenylmethylsul-
fonyl fluoride, 5 �g/ml leupeptin, 5 �g/ml aprotinin, and 5
�g/ml pepstatin A. The homogenates were then centrifuged at
800� g for 10min at 4 °C. Supernatants were collected, and the
protein concentrationwas determined by themethod of Lowry.
Samples were stored at �80 °C until single use.
When necessary, the hippocampal CA1 regions were imme-

diately isolated to prepare mitochondrial fractions. All proce-
dures were conducted in a cold room. Generally, unfrozen
brain tissue was used to prepare mitochondrial fractions as
freezing causes the release of cytochrome c from themitochon-
dria. The hippocampal CA1 samples were homogenized in a
1:10 (w/v) ice-cold buffer. The homogenates were then centri-
fuged at 800 � g for 10 min at 4 °C. The pellets were discarded,
and supernatants were centrifuged at 17,000 � g for 20 min at
4 °C to obtain the cytosolic fraction in the supernatants and a
crude mitochondrial fraction in the pellets. The protein con-
centrations were determined by the method of Lowry.
Nuclear Extraction—The homogenates were centrifuged at

800 � g for 10 min at 4 °C. Supernatants (cytosolic fraction)
were collected, and protein concentrations were determined.
The nuclear pellets were extracted for 30 min at 4 °C with 20
mM Hepes, pH 7.9, 20% glycerol, 420 mM NaCl, 0.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and enzyme
inhibitors with constant agitation. After centrifugation at
12,000 � g for 15 min at 4 °C, supernatants (nuclear fraction)
were collected, and protein concentrations were determined.
Samples were stored at �80 °C until single use.
Immunoprecipitation and Immunoblotting—Tissue homo-

genates (400 �g of protein) were diluted 4-fold with immuno-
precipitation buffer (50 mM Hepes buffer, pH 7.4, containing
10% glycerol, 150 mM NaCl, 1% Triton X-100, 0.5% Nonidet
P-40, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl
fluoride, and 1mMNa3VO4). Sampleswere preincubated for 1 h
with 20 �l of protein A-Sepharose CL-4B (Amersham Biosci-
ences) at 4 °C and centrifuged to remove proteins that had
adhered nonspecifically to protein A. The supernatants were
then incubated with 1–2 �g of primary antibodies for 4 h or
overnight at 4 °C. Protein A was added to the tube for a further
2 h of incubation. Samples were then centrifuged at 10,000 � g
for 2 min at 4 °C, and the pellets were washed three times with
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immunoprecipitation buffer. Bound proteins were eluted by
boiling at 100 °C for 5 min in SDS-PAGE loading buffer and
then isolated by centrifugation. The supernatants were sepa-
rated on polyacrylamide gels and then electrotransferred to a
nitrocellulose membrane (Amersham Biosciences). After
blocking for 3 h in Tris-buffered saline with 0.1% Tween 20
(TBST) and 3% bovine serum albumin, membranes were incu-
bated overnight at 4 °C with primary antibodies in TBST con-
taining 1% bovine serum albumin. The filters were thenwashed
and incubated with alkaline phosphatase-conjugated second-
ary antibodies in TBST for 2 h and developed using nitro blue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate color sub-
strate (Promega,Madison,WI). The density of the bands on the
membrane was scanned and analyzed with LabWorks image
analysis software (UVP, Inc.).
When necessary, to examinemonomer and dimeric forms of

MLK3, tissues were homogenized in ice-cold homogenization
buffer and protein 2� SDS sample buffer (100 mM Tris-HCl,
pH 6.8, 4% SDS, 0.2% bromphenol blue, and 20% glycerol) with
or without both the reducing agent DTT (final concentration,
200 mM) and �-mercaptoethanol (�-ME, final concentration,
0.715 M). After boiling for 3min, the samples were separated by
SDS-PAGE and transferred to nitrocellulose membranes. The
remaining samples were treated using the blotting process
described above.
Determination of Protein S-Nitrosylation—Measurement of

S-nitrosylated MLK3 was performed using the biotin switch
assay as described previously by Jaffrey et al. (23), under light-
free conditions and using opaque tubes. Briefly, the cells or
hippocampi were homogenized inHENbuffer. Free thiols were
blocked by methylation with methyl methanethiosulfonate.
Unreacted methyl methanethiosulfonate was removed by pro-
tein precipitation in 10 volumes of acetone (�20 °C). Cysteine
residues that had been S-nitrosylated by NOwere converted to
free thiols with sodium ascorbate (1 mM final concentration),
which does not alter the methylated thiols. The free thiols were
then biotinylated with biotin-hexyl pyridyldithiopropionamide
at 25 °C for more than 1 h. Thus, the S-nitrosylated cysteines
were switched for biotin. Proteins were precipitated by chilled
acetone, and the pellet was resuspended in HENS buffer (250
mMHepes, pH 7.7, 1 mM EDTA, 0.1mM neocuproine, 1% SDS).
Biotinylated proteins were precipitated with streptavidin-aga-
rose and eluted from the beads with a solution containing 20
mM Hepes-NaOH, pH 7.7, 100 mM NaCl, 1 mM EDTA and 100
mM �-ME.
Histological Analysis and Immunohistochemistry—Rats were

perfusion-fixed with 4% paraformaldehyde in 0.1 M sodium
phosphate buffer, pH 7.4, under anesthesia. Brains were
removed quickly and further fixed with the same fixation solu-
tion overnight at 4 °C. Post-fixed brains were embedded in par-
affin, followed by preparation of coronal sections (5 �m thick)
using amicrotome. The paraffin-embedded brain sectionswere
deparaffinized with xylene and rehydrated with ethanol at
graded concentrations of 100 to 70% (v/v), followed by washing
with water. The sections were stained with 0.1% (w/v) cresyl
violet and examined by light microscopy. The number of sur-
viving hippocampal CA1 pyramidal cells (1 mm length) was
counted as the neuronal density.

Immunoreactivity was determined using the avidin/biotin/
peroxidase method. Briefly, sections were deparaffinized with
xylene and rehydratedwith ethanol at graded concentrations in
distilled water. High temperature antigen retrieval was per-
formed in 1mM citrate buffer. To block endogenous peroxidase
activity, sections were incubated for 30 min in 1% H2O2. After
treating with rabbit polyclonal anti-phospho-c-Jun or anti-
FasL antibody (1:50 dilution) at 4 °C for 2 days, these sections
were then incubated overnight with biotinylated goat anti-rab-
bit secondary antibody and subsequently with avidin-conju-
gated horseradish peroxidase for 1 h at 37 °C. Finally, sections
were incubated with the peroxidase substrate diaminobenzi-
dine until the desired stain intensity developed.
Measurement of NO Production—Total NO production in

the cell lysates was determined bymeasuring the concentration
of nitrate and nitrite, a stablemetabolite of NO, by themodified
Griess reactionmethod.The procedure involved use of the total
nitric oxide assay kit (Beyotime Institute of Biotechnology).
Data Analysis and Statistics—Values are expressed as the

means � S.D. and were obtained from at least six independent
rats. Statistical analysis of the results was carried out by one-
way analysis of variance, followed by theDuncan’s newmultiple
range method or the Newman-Keuls test. p values of � 0.05
were considered significant.

RESULTS

S-Nitrosylation of MLK3 by GSNO or nNOS-derived NO in
Vitro—We obtained initial evidence that MLK3, expressed in
HEK293 cells, is S-nitrosylated by GSNO using the biotin-
switch assay. In this assay, an SNO-protein is identified on
Western blots after replacing the SNOgroupwith amore stable
biotin group by chemical reduction with ascorbate. GSNO
markedly enhanced the levels of S-nitrosylated MLK3 (SNO-
MLK3) in cell lysates (Fig. 1D). In intact cells, GSNO-treated
MLK3 resulted in significant SNO-protein formation in a con-
centration- and time-dependent manner. The contents of
nitrate/nitrite in the cell lysates have similar pattern. (Fig. 1, A
and B). In contrast, negative controls under the same condi-
tions, using decayed (old) GSNO or without ascorbate for the
detection of nitrosylation in vitro, did not enhance the level of
SNO-MLK3 (Fig. 1C).
To next test the possibility that the S-nitrosylation of MLK3

occurs via NO, we evaluated the effects of NEM, which is
known to covalently modify protein sulfhydryl groups making
them incapable of nitrosylation. The addition of NEM to intact
HEK293 cells expressing MLK3 completely eliminated the
direct S-nitrosylation of MLK3 by GSNO (Fig. 1F).

Additionally, to further determine whether endogenous NO
could S-nitrosylateMLK3, we coexpressed nNOS andMLK3 in
HEK293 cells. MLK3 was nitrosylated by NO produced by
endogenous nNOS activity when A23187 was present, and this
reaction was inhibited by 7-NI (Fig. 1E).
S-Nitrosylation of Cys-688 Is Critical for the Activation of

MLK3 by GSNO in Vitro—Mammalian MLK3 contains 10 cys-
teine residues in total. To determine the target site(s) of S-ni-
trosylation onMLK3, we performed the biotin-switch assay using
HEK293 cells transfectedwithwild-type ormutantMLK3 species
(harboring cysteine-to-glycine mutations). The density of the
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bands on the membrane for the C688Gmutant was decreased by
about 85% compared with the wild type, indicating that cysteine
688 is a target of S-nitrosylation (Fig. 2,A and B).
A previous study has confirmed that dimerization is a pre-

requisite for MLK3 autophosphorylation (17). To determine
whether S-nitrosylation affects MLK3 function, we monitored
the dimerization and phosphorylation of MLK3 expressed in
HEK293 cells treated with GSNO. Dimerization and phos-
phorylation were assessed using a standard assay as described

previously (25). The data shown in Fig. 2C suggest that S-ni-
trosylation contributes to the functional activities of wild-type
MLK3. Next, we evaluated both the dimerization and phos-
phorylation levels of the MLK3 C688G mutant after treatment
with GSNO. Wild-type MLK3 and the C688G mutant were
expressed inHEK293 cells whichwere then treatedwithGSNO
for 1 h. As shown in Fig. 2D, the dimerization and phosphor-
ylation of the C688G mutant were decreased compared with
wild-type MLK3.

FIGURE 1. MLK3 can be S-nitrosylated by exogenous and endogenous NO in vitro. Upper gels show SNO-MLK3, and lower gels show total MLK3 in cells
analyzed by Western blotting. Variable levels of NO were produced after treating with GSNO, and the contents of nitrate/nitrite in the cell lysates were
determined by Griess assay. A, HEK293 cells expressing MLK3 were incubated with various concentrations of GSNO at 37 °C and assayed for SNO-MLK3 and the
contents of nitrate/nitrite. a, p � 0.05 versus control. B, time course of S-nitrosylated MLK3 production and the contents of nitrate/nitrite in the presence of the
NO donor GSNO. a, p � 0.05 versus control. C, HEK293 cells expressing MLK3 were exposed to 500 �M GSNO followed by an assay for S-nitrosylation. Control
samples were subjected to decayed (old) GSNO or GSNO with no ascorbate. MMTS, methyl methanethiosulfonate. D, cell lysates from HEK293 cells expressing
MLK3 were incubated with GSNO or degraded GSNO at room temperature, followed by an assay for SNO-MLK3. E, HEK293 cells expressing nNOS and MLK3
were assayed for endogenous SNO-MLK3. nNOS was activated by the addition of 5 �M of the Ca2� ionophore A23187 in the presence or absence of 7-NI.
Activation of nNOS increased the levels of endogenous SNO-MLK3, and 7-NI prevented this increase. F, NEM can block the SNO-MLK3 increase in the presence
of GSNO. IB, immunoblot.
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MLK3 S-Nitrosylation IsMediated by EndogenousNOduring
Cerebral Ischemia-Reperfusion—We have reported previously
that MLK3 is activated during the assembly of the GluR6�PSD-
95�MLK3 signaling module following brain ischemia and rep-
erfusion and that its activation may also associate with free
radicals in the signaling events that take place following brain
ischemia. To investigatewhetherMLK3 is S-nitrosylated and to
further characterize the alteration of S-nitrosylated MLK3 at
different time points after reperfusion, we examined the time
course of MLK3 S-nitrosylation. As shown in Fig. 3, A and B,
MLK3 is S-nitrosylated at significantly elevated levels after 3, 6,
and 12 h and 1 day of reperfusion and is recovered at 2 days. The
content of nitrate/nitrite in the cell lysates is similar to it
(Fig. 3C).

It is known that S-nitrosylation requires NO. To elucidate
whether the S-nitrosylation ofMLK3 is induced by endogenous
NO, we utilized inhibitors of NOS. Because nNOS and iNOS
are the main NO synthases present in the brain and nNOS-
derived endogenousNO is found during cerebral ischemia-rep-
erfusion, 7-NI, AMT, nNOS AS-ODN, and nNOS MS-ODN
were used in the experimental treatments. As shown in Fig. 3,D
and E, the administration of 7-NI and nNOS AS-ODN mark-
edly suppressed the S-nitrosylation of MLK3, whereas the
treatments with AMT and nNOS MS-ODN were ineffective.
7-NI also decreased the NO production (Fig. 3F). The data
shown in Fig. 3, G and H, further indicate that AS-ODN and
MS-ODNmay influence the S-nitrosylation ofMLK3 by affect-
ing the protein expression of nNOS, a factor that is critical in

FIGURE 2. MLK3 S-nitrosylation contributes to its dimerization and phosphorylation. A and B, HEK293 cells overexpressing WT or mutant MLK3
products were exposed to 500 �M GSNO for 1 h (upper gel), and SNO-MLK3 was detected using the biotin-switch assay with an anti-MLK3 antibody. Lower
gel, Western blotting using an anti-MLK3 antibody. Mutation of a critical cysteine thiol on MLK3 (C688A) prevents S-nitrosylation by GSNO. a, p � 0.05
versus WT GSNO�. C, upper gel, in the absence of DTT in ice-cold homogenization buffer and absence of �-ME in 2� SDS sample buffer, HEK293 cells
expressing MLK3 pretreated with GSNO show MLK3 dimerization. Middle gel, under the same conditions, in the absence of DTT in ice-cold homogeni-
zation buffer but in 2� SDS sample buffer with �-ME, GSNO enhances the phosphorylation of MLK3. However, in the presence of DTT and �-ME, the
dimerization of MLK3 could not be detected (lower gel). a, p � 0.05 versus control; b, p � 0.05 versus control. D, wild-type MLK3 and its C688G mutant
were expressed in HEK293 cells and treated with GSNO for 1 h. Cells were collected, and MLK3 dimerization and phosphorylation was examined by
Western blotting as above. a and b, p � 0.05 versus WT and GSNO�, respectively. IB, immunoblot.
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regulating the S-nitrosylation of proteins. Besides the effects of
nNOS-derived endogenousNO, we investigatedwhether exog-
enous NO also influences the S-nitrosylation of MLK3. Hence,
exogenous NO donors (SNP and GSNO) were administered to
observe their effects on S-nitrosylation of MLK3 after 6 h of
reperfusion. Subsequent Western blotting (Fig. 3, I and J)
revealed that treatment with SNP and GSNO reduces the S-ni-
trosylation of MLK3.
Much evidence to date shows that brain ischemia-reper-

fusion promotes the assembly of NMDAR and nNOS with
PSD-95. Thus, we administered an antagonist of NMDAR
(MK801) to observe whether S-nitrosylation of MLK3 is also
mediated by NMDAR. Our results clearly showed that the
S-nitrosylation of MLK3 was suppressed by the treatment

with MK801 (Fig. 3, I and J). These results suggest that the
NMDAR/nNOS signaling module is likely to be involved in
MLK3 S-nitrosylation, which is mediated mainly by nNOS
but not iNOS.
S-Nitrosylation of MLK3 Promotes Its Activation and That

of Its Downstream Signaling Kinases during Cerebral Ische-
mia-Reperfusion—To investigate whether MLK3 downstream
proteins were also affected by the S-nitrosylation of MLK3, we
injected 7-NI, AMT, SNP, and MK801 into the animals and
analyzed the phosphorylated downstreamproteins in this path-
way. Previous studies have indicated that the activation of JNK3
peaks initially at 30 min and again at 3 days during brain ische-
mia-reperfusion, and the latter peak is considered to account
for apoptosis. Thus, the 1 day of reperfusion time point was

FIGURE 3. Effects of NOS inhibitors and an NMDAR antagonist on S-nitrosylated MLK3. A–C, time course of S-nitrosylated MLK3 and the contents of
nitrate/nitrite in the rat hippocampal CA1 derived from sham-treated animals or rats subjected to 15 min of ischemia at various time points after reperfusion.
(a) p � 0.05 versus sham. D and I, effects on the S-nitrosylation of MLK3 of treatment with 7-NI, AMT, MS-ODN, AS-ODN, SNP, MK801, or GSNO. F, contents of
nitrate/nitrite in the cell lysates of treatment with 7-NI, AMT. G, effects on total nNOS of treatment with MS-ODN or AS-ODN. B, E, H, and J, bands were scanned,
and the intensities are represented as the fold changes versus sham treatment. Data are the means � S.D. from four independent experiments. E and J, (a) p �
0.05 versus sham; (b) p � 0.05 versus saline groups. H, (a) p � 0.05 versus TE. IB, immunoblot.
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chosen to investigate the activation of JNK3, on the basis that
after 2–3 days of reperfusion cell death occurs for the hip-
pocampal CA1 pyramidal neurons. As indicated in Fig. 4,A–H,
7-NI, SNP, and MK801 inhibit p-MLK3, p-MKK4, p-MKK7,
and p-JNK3, whereas AMT showed no effect. The protein
expression levels of MLK3, MKK4, MKK7, and JNK3 were
unchanged by these treatments. These results suggest that the
S-nitrosylation ofMLK3 promotes its activation and affects the
phosphorylation, and consequently the activation, of its down-
stream proteins.

S-Nitrosylated MLK3 Influences Its Downstream JNK-
mediated Nucleic Signaling Pathway during Cerebral Ische-
mia-Reperfusion—To further investigate whether JNK down-
stream proteins are also influenced by the S-nitrosylation of
MLK3, we administered various targeting drugs. Because the
activation of JNK can activate c-Jun and increase FasL expres-
sion, we tested the effects of 7-NI, AMT, SNP, and MK801 on
these molecules. As shown in Fig. 5,A–D, p-c-Jun and FasL are
suppressed by treatment with 7-NI, SNP, and MK801 but not
by AMT treatment. Similar results were observed by immuno-

FIGURE 4. Effect of NOS inhibitors and exogenous NO and NMDAR antagonists on the MLK3-mediated downstream signaling pathway. Rats were
treated with 7-NI, AMT, SNP, or MK801 to observe the effects of these molecules on the assembly of the MLK3�MKK4/7�JNK signaling module induced by
transient brain ischemia followed by 6 h or 1 day of reperfusion in the rat hippocampal CA1. A and C, homogenized samples of the rat hippocampal CA1
region were examined by immunoblotting (IB) separately with anti-p-MLK3, anti-p-MKK4, anti-p-MKK7, anti-MLK3, anti-MKK4, and anti-MKK7 antibod-
ies. E and G, sample proteins were examined by immunoprecipitation (IP) with anti-p-JNK antibodies followed by immunoblotting with an anti-JNK3
antibody or directly immunoblotted with the anti-JNK3 antibody. B, D, F, and H, bands were scanned, and the intensities represent the fold changes
versus the sham control. Data are the means � S.D. from four independent experiments. a, p � 0.05 versus sham treatment; b, p � 0.05 versus saline
groups.
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histochemistry (Fig. 5, E and F). The results demonstrate that
the administration of 7-NI, SNP, and MK801 significantly
decreases the immunoactivity of p-c-Jun and FasL in the nuclei
of hippocampal CA1 pyramidal layer cells. This was in contrast
to the 6-h reperfusion, saline, and DMSO treatment groups,
where treatment with AMT did not show an obvious change in
immunoactivity. Our results thus indicate that S-nitrosylated
MLK3 regulates its downstream JNK-mediated nucleic signal-
ing pathway.
S-Nitrosylated MLK3 Influences Its Downstream JNK-

mediated Mitochondrial signaling Pathway during Cerebral
Ischemia-Reperfusion—To determine whether JNK down-
stream proteins are also influenced by the S-nitrosylation of
MLK3, we once again examined those proteins following the
administration of various drugs. It is well known that, after
translocation to themitochondria, p-Bcl-2 increases the release
of cytochrome c from the mitochondria to the cytosol. Hence,
cytochrome c and this JNK non-nuclear substrate (Bcl-2) were
examined to further confirm our earlier results. The cyto-
chrome c oxidase subunit IV (COX IV) was detected to pre-
clude the participation of other mitochondrial proteins. As
shown in Fig. 6, A–D, the administration of 7-NI, SNP, and
MK801 suppressed the phosphorylation of Bcl-2, whereas the
treatmentwithAMThad little effect.Moreover, 7-NI, SNP, and
MK801 each inhibited the release of cytochrome c to cytosol at
6 h after reperfusion. This contrastswith themarked increase in
the levels of cytochrome c in the cytosol under the same
conditions following AMT treatment. However, COX IV was
found to exist only in the mitochondrial fraction but not in the
cytosol. These results indicate that 7-NI, SNP, and MK801 all
down-regulate the JNK pathway downstream of MLK3, which
is probably caused by the reduced S-nitrosylation of MLK3.
Many reports have now demonstrated that the cell death

pathway can be facilitated by either caspase-independent
necrosis or caspase-dependent apoptosis, depending on the
intensity of the excitotoxic injury. In our current experiments,
we assayed cleaved caspase-3. As shown in Fig. 6, E–H, treat-
ment with 7-NI, SNP, and MK801 attenuates the ischemia-
induced increase in caspase-3 at 6 h of reperfusion and then
exerts a neuroprotective effect against cerebral ischemia-reper-
fusion injury. These results suggest that S-nitrosylated MLK3
regulates the JNK-mediated mitochondrial signaling pathway
that operates downstream.
Neuroprotective Effects of Drugs That Attenuate the S-Ni-

trosylation of MLK3 Caused by Ischemic Brain Injury in Vivo—
Our initial results showed that treatment with 7-NI, SNP, and
MK801 attenuates the ischemia-induced increase of caspase-3
at 6 h of reperfusion. Cresyl violet staining was used to test the

neuroprotective effects of the drugs that attenuate the S-ni-
trosylation of MLK3 caused by ischemic brain injury in vivo
through the detection of survival of hippocampal CA1 pyram-
idal cells at 5 days after the induction of ischemia. Normal cells
show rounded and weakly stained nuclei (Fig. 7A, panels a and
b), whereas shrunken cells with pyknotic nuclei (Fig. 7A, panels
c and d) were regarded as dead cells. As shown in Fig. 7, the
sham group (Fig. 7A, panels a and b) showed normal nuclei,
whereas dead cells in the ischemia-reperfusion and vehicle
treatment group showed pyknotic nuclei (Fig. 7A, panels c and
h). The administration of 7-NI (Fig. 7A, panels i and j), SNP (Fig.
7A, panels k and l), MK801 (Fig. 7A, panels m and n), or GSNO
(Fig. 7A, panels o, and p) dramatically decreased neuronal
degeneration. The group (Fig. 7A, panels u and v) treated with
nNOSAS-ODNshowed evidence of functional rescue fromcell
death, whereas the groups of animals treatment with nNOS
MS-ODN (Fig. 7A, panels s and t) andTE buffer (Fig. 7A, panels
q and r) showed no such rescue. The numbers of surviving
pyramidal cells counted within a 1-mm length of the CA1
region were 212.1 � 9.2, 23.4 � 5.9, 24.1 � 6.8, 22.3 � 4.6,
123.4 � 7.5, 109.8 � 9.4, 118.3 � 8.9, 114.2 � 7.4, 26.7 � 6.1,
21.6 � 4.2, and 120.6 � 10.4, respectively (Fig. 7B).

DISCUSSION

We here report for the first time that MLK3, expressed in
HEK293 cells, is S-nitrosylated (forming SNO-MLK3) by reac-
tionwithGSNO, an exogenousNOdonor, at cysteine 688. This
facilitates its dimerization and activation.Moreover, we further
report herein that MLK3 can be S-nitrosylated during the early
stages of reperfusion. This event likely enhances the activation
ofMLK3, which in turn activates the JNK signaling pathway. In
an in vivo animal model of global ischemic/reperfusion, treat-
mentwith an nNOS inhibitor (7-NI) and exogenousNOdonors
(SNP and GSNO) can attenuate the S-nitrosylation of MLK3
induced by global ischemia/reperfusion. This subsequently
inhibits the activation of the MLK3�MKK4/7�JNK3�c-Jun path-
way, Bcl-2 phosphorylation, the expression of Fas-L, the release
of cytochrome c from mitochondria, and the activation of
caspase-3 during the early stages of reperfusion after global
ischemia. Meanwhile, the administration of an inhibitor of
iNOS (AMT) did not produce the above results, which suggests
that the S-nitrosylation of MLK3 is associated with nNOS but
not iNOS.
MLK3, a member of the MAPKKK family, phosphorylates

mitogen-activated protein kinase kinase 4/7, which in turn
phosphorylates JNK at its dual specific residues and activates
this protein (15). Meanwhile, ASK1, as a similar kinase to
MAPKKK, has been reported to undergo S-nitrosylation (26).

FIGURE 5. Effects of NOS inhibitors and exogenous NO and NMDAR antagonists on downstream JNK nuclear signaling pathway. A and C, rats were
treated with 7-NI, AMT, SNP, or MK801 to observe the effects of these inhibitors on the JNK nuclear signaling pathway induced by transient brain ischemia
followed by 6 h of reperfusion in the rat hippocampal CA1. Protein samples were separately examined by immunoblotting (IB) with anti-p-c-Jun, anti-c-Jun,
anti-FasL, and anti-Fas. B and D, corresponding Western bands were scanned, and the intensities are represented as the fold changes versus sham treatment.
Data are the means � S.D. from four independent experiments. a, p � 0.05 versus the sham group; b, p � 0.05 versus saline groups. E and F, immunohisto-
chemical analysis of the expression and subcellular localization of p-c-Jun and FasL after different treatments. Representative immunohistochemically stained
sections are shown of hippocampi from sham-operated rats (panels a and b), rats subjected to 15 min of ischemia followed by 6 h of reperfusion (panels c and
d), and rats subjected to 15 min of ischemia followed by 6 h of reperfusion and treated with saline (panels e and f), DMSO (panels g and h), 7-NI (panels i and j),
AMT (panels k and l), SNP (panels m and n), or MK801 (panels o and p). Control only used primary antibody alone (panels q and r) or secondary antibody alone
(panels s and t) in immunohistochemical analysis. Boxed areas in the left column are shown at a higher magnification than in the right column. The original
magnification is �40 in panels a, c, e, g, i, k, m, o, q, and s; scale bar, 300 �m; the original magnification is �400 in panels b, d, f, h, j, l, n, p, r, and t; scale bar, 30 �m.
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At the same time, GluR6 (an upstream protein in the MLK3
pathway) and JNK3 (a downstream protein of MLK3) can also
be S-nitrosylated during brain ischemia/reperfusion (27, 28).
Based on these findings, we speculated that MLK3 might be
S-nitrosylated under the pathophysiological conditions
induced by ischemia-reperfusion. As shown as Figs. 1 and 3, we
confirmed that MLK3, expressed in HEK293 cells or in vivo in
rat, can be S-nitrosylated. The levels of S-nitrosylation were
significantly elevated at 3, 6, and 12 h and at 1 day post-reper-
fusion and recovered at 2 days. These results suggest that the
S-nitrosylation of MLK3 can be reversibly modified via the
addition or removal of NO at the thiol moiety of reactive cys-
teine residues present in the MLK3 protein.
In our previous studies, MLK3 was found to be activated

during the assembly of the GluR6�PSD-95�MLK3 signaling

module under conditions of brain ischemia and reperfusion
(16). The activation of MLK3, followed by homodimerization
and the autophosphorylation of Thr-277 and Ser-281, was also
found to associate with free radicals in the signaling events that
were induced following brain ischemia (17–19). In this study,
we report that MLK3 is S-nitrosylated (forming SNO-MLK3)
via a reaction with GSNO or exogenous NO donors and that
this contributes to its dimerization and activation. We next
demonstrated thatMLK3 can be S-nitrosylated during the early
stages of reperfusion and that may enhance the activation of
MLK3, which in turn activates the JNK signaling pathway.
MLK3 and otherMLK kinases are characterized by the pres-

ence of multiple protein-protein interaction domains, includ-
ing a tandem leucine/isoleucine zipper motif. Leucine zippers
are known to mediate protein dimerization and function as the

FIGURE 6. Effect of NOS inhibitors and exogenous NO and NMDAR antagonists on the JNK downstream mitochondrial signaling pathway. A, C, E, and
G, rats were treated with 7-NI, AMT, SNP, or MK801 to observe their effects on the JNK downstream mitochondrial signaling pathway proteins and on the
apoptotic response induced by transient brain ischemia followed by 6 h of reperfusion in the hippocampal CA1. Protein samples were separately examined by
immunoblotting (IB) with anti-p-Bcl-2, anti-Bcl-2, anti-Cyt c, anti-COX IV, anti-caspase-3, and anti-actin antibodies. B, D, F, and H, Western bands were scanned,
and the intensities are represented as the fold changes versus the sham treatment. Data are the means � S.D. from four independent experiments. a, p � 0.05
versus the sham group; b, p � 0.05 versus the saline group.
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dimerization motifs for MLK3 (29). Furthermore, MLK3
dimerization via its leucine/isoleucine zipper motif is a prereq-
uisite for its autophosphorylation, which is followed by activa-
tion of the JNK signaling pathway (9, 25, 29). In this study, we
examined whether MLK3 S-nitrosylation affects the dimeriza-
tion and phosphorylation of this protein. Indeed, we found that
the time course of MLK3 dimerization and phosphorylation in
HEK293 cells correlates with its S-nitrosylation at the Cys-688
residue. Our studies in rats further showed that after treatment
with the inhibitor of nNOS (7-NI) and exogenousNOdonors, a
reduced S-nitrosylation corresponded to the phosphorylation
ofMLK3. This indicates that the S-nitrosylation ofMLK3 likely
provides a critical checkpoint for its activation. Our previous
study has shown that JIP1 can maintain MLK3 in an inactive
and unphosphorylated state. However, following the induction
of excitotoxicity by ischemic reperfusion, a calcium influx
through glutamate receptors occurs, especially through the
NMDA receptor. This subsequently triggers an intracellular

signaling cascade and induces JNK recruitment to JIP1, which
induces MLK3 dissociation from JIP1 and accumulation at
PSD-95, allowing MLK3 to dimerize and autophosphorylate
(25). Here, our results present a possible mechanism in which
MLK3 S-nitrosylation affects its dimerization and phosphory-
lation. However, whether the activation of nitrosylated MLK3
facilitates the dimerization of MLK3 via its leucine/isoleucine
zipper motif and the transformation of its association with JIP1
requires further study.
It is known that both nNOS and iNOS are present in the

brain. The most significant difference between them is that
nNOS contributes to early neuronal injury, whereas iNOS is
expressedmainly under pathological conditions,mediating late
neuronal injury (31). The induction of iNOS in vitro results in
delayed neuronal cell death and can also exacerbate glutamate
excitotoxicity (32). As described previously, to examine nNOS
during ischemic brain injury without interference from iNOS,
the 6-h time point was adopted in our current experiments.We

FIGURE 7. Effect of NOS inhibitors and exogenous NO and NMDAR antagonists on the survival of CA1 pyramidal neurons. A, cresyl violet staining was
performed on sections from the hippocampi of sham-operated rats (panels a and b) and of rats subjected to 5 days of reperfusion after global ischemia (panels
c and d), and the administration of saline (panels e and f), DMSO (panels g and h), 7-NI (panels i and j), SNP (panels k and l), MK801 (panels m and n), GSNO (panels
o and p), TE (panels q and r), MS-nNOS (panels s and t), and AS-nNOS (panels u and v) before or after ischemia. Cresyl violet staining data were obtained from six
independent animals, and a typical experiment is presented. B, cell density was expressed as the number of cells per 1-mm length of the CA1 pyramidal cells
counted under a light microscope. Data are the mean � S.D. (n � 6). Scale bars, 300 �m (panels a, c, e, g, i, k, m, o, q, s, and u); 30 �m (panels b, d, f, h, j, l, n, p, r, t,
and v). a, p � 0.05 versus the sham groups; b, p � 0.05 versus the saline groups.
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hypothesized that the inhibitor of iNOS (AMT) might not be
involved in the regulation of protein S-nitrosylation during
the early stages of transient ischemia-reperfusion in the rat
brain but may play a critical role in the rescue of cell death
after iNOS is induced by inflammatory mediators during the
late stages of transient ischemia-reperfusion. As shown by all
of the findings presented herein, AMT does not decrease the
levels of S-nitrosylation and phosphorylation of MLK3 at the
6-h time point. However, the results of cresyl violet staining
for AMT, which was used to verify the survival of hippocam-
pal CA1 pyramidal cells (data not shown), indicate that AMT
can inhibit cell death more efficiently than 7-NI, which is in
agreement with previous results from in our laboratory (33).
This result strongly suggests also that iNOS has no effect on
the production of endogenous NO or on the activation of
MLK3 induced by ischemia-reperfusion during the early
stages of transient ischemia-reperfusion in the brain, but it
has significant effects on the rescue from cell death in hip-
pocampal CA1 cells after 5 days of reperfusion. This conclu-
sion is based on the fact that iNOS is only detected under
pathological inflammatory conditions. Taken together, we
conclude from our current data and previous findings that
the S-nitrosylation of MLK3 is mediated by nNOS through
its production of endogenous NO.
In summary, the activation of MLK3 and its downstream

proteins involved in apoptotic pathways is connected to the
S-nitrosylation of MLK3 following ischemia-reperfusion in
vivo. Similar studies have reported the activation of
caspase-3 (34), Bcl-2 (35), and JNK (36, 37) in this context.
Meanwhile, more studies (24, 30, 38) support the notion that
S-nitrosylation, which is the modification of a cysteine thiol
by a nitric oxide group, is an important post-translational
modification for the function of various signaling proteins.
As shown in this study, administration of inhibitors of nNOS
and exogenous NO donors (SNP and GSNO) suppresses
neuronal apoptosis by inhibiting the S-nitrosylation of
MLK3 and subsequently decreasing the phosphorylation of
MLK3, JNK, c-Jun, and Bcl-2. The results of this study thus
provide new insights into the activation of MAPK and JNK
signaling pathways and suggest a potential new therapeutic
approach to the future treatment of transient cerebral ische-
mia injury.
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