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Abstract
Excessive generation of nitric oxide radical (NO•) in neuroinflammation, excitotoxicity and during
age-related neurodegenerative disorders entails the localized and concerted increase in nitric oxide
synthase(s) expression in glial cells and neurons. The aim of the present study was to assess the
biological significance of the impact of NO• on the cell’s thiol status with emphasis on S-
glutathionylation of targeted proteins. Exposure of primary cortical neurons or astrocytes to
increasing flow rates of NO• (0.061–0.25 μM/s) resulted in the following. (i) A decrease in GSH
(glutathione) in neurons accompanied by formation of GSNO (S-nitrosoglutathione) and GSSG
(glutathione disulfide); neurons were far more sensitive to NO• exposure than astrocytes. (ii) A
dose-dependent oxidation of the cellular redox status: the neuron’s redox potential increased ~ 42
mV and that of astrocytes ~ 23 mV. A good correlation was observed between cell viability and
the cellular redox potential. The higher susceptibility of neurons to NO• can be partly explained by
a reduced capacity to recover GSH through lower activities of GSNO and GSSG reductases. (iii)
S-glutathionylation of a small subset of proteins, among them GAPDH (glyceraldehyde-3-
phosphate dehydrogenase), the S-glutathionylation of which resulted in inhibition of enzyme
activity. The quantitative analyses of changes in the cell’s thiol potential upon NO• exposure and
their consequences for S-glutathionylation are discussed in terms of the distinct redox
environment of astrocytes and neurons.

Keywords
astrocyte; energy metabolism; neurodegeneration; neuron; nitric oxide; S-glutathionylation

INTRODUCTION
Excessive generation of NO• in neuroinflammation, excitotoxicity, and during aging and
age-related neurodegeneration entails the up-regulation of the inducible (iNOS) and
neuronal (nNOS) isoforms of nitric oxide synthase, enzymes that catalyse the five-electron
oxidation of the guanidine group of L-arginine with the subsequent release of nitric oxide
radical (NO•) [1,2]. The diverse biological effects of NO• and NO•-derived species can be
attributed in part to their ability to regulate the activity of target proteins through
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modifications of redox-sensitive thiols. S-nitrosylation of reactive thiol cysteine residues has
been proposed as a signalling mechanism for NO• under physiological and pathological
circumstances [3]. Several proteins have been shown to be S-nitrosylated during exposure to
NO• [4,5]; however, the nature of this modification is labile and its stability is often affected
by the presence of thiols [6], largely by GSH (glutathione), the most abundant non-protein
thiol, ubiquitously present in most cells at ~ 1–10 mM concentrations [7]. The reaction of
GSH with S-nitrosylated proteins by a transnitrosation mechanism (eqn 1) [3,6] yields
GSNO (nitrosoglutathione); that by a S-thiolation mechanism (eqn 2) yields a protein mixed
disulfide or S-glutathionylated protein and nitroxyl anion (NO−); the rapid consumption of
NO− exerts a kinetic control on this reaction [8].

(1)

(2)

As to which modification is likely to be the consequential end point is determined largely by
the pKa of the thiolate moiety, an example of the nuances of NO•-mediated regulation of
protein function. The product of the S-thiolation mechanism (eqn 2), an S-glutathionylated
protein, can also be formed via thiol–disulfide exchange (eqn 3) and sulfenic acid
intermediates (eqn 4) [9].

(3)

(4)

Regardless of the molecular mechanisms, S-glutathionylation has been shown to be a
regulatory device for mitochondrial and cytosolic proteins, such as aconitase, adenine
nucleotide transporter, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and PTEN
(phosphatase and tensin homologue deleted on chromosome 10) [3,9–12]. Hence, S-
glutathionylation is an important regulator of protein function in response to several
stressors or stimuli in many cellular and disease contexts [3,7,9]. Although S-
glutathionylation is often assumed to be a consequence of increased oxidative stress, recent
evidence points to S-glutathionylation of proteins as a consequence of nitrosative stress as
well [11,13].

The increased generation of NO• and the presence of S-glutathionylated proteins in
neurodegenerative disorders (such as Alzheimer’s disease) has incited further clarification of
the role of protein S-nitrosylation and S-glutathionylation in neuronal dysfunction [7,9]. The
selective loss of neurons in neurodegeneration points to a differential susceptibility between
neurons and their surrounding glial cells in the disease process. As such, astrocytes have
shown to be more resistant to NO• toxicity than neurons and this has been attributed in part
to the glutathione system [14,15]. Within this context, the redox buffering capacity of the
cell is likely to influence S-glutathionylation of proteins inasmuch as protein mixed disulfide
formation can be viewed as a shift of the cellular redox environment towards a more
oxidized state [16].
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With the aid of a sensitive HPLC method for detecting intracellular formation of GSNO and
GSSG, the present study was aimed at assessing (i) whether or not S-glutathionylation of
redox-sensitive proteins is a consequence of increased NO• levels (mediated by GSNO and
GSSG formation), and (ii) the role of NO• modulated S-glutathionylation of proteins in
neuronal cell injury.

MATERIALS AND METHODS
Chemicals and biochemicals

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide], BCNU [1,3-
bis(2-chloroethyl)-1-nitrosourea], protease inhibitor cocktail (catalogue number P8340),
PMSF, NP-40 (Nonidet P40), L-glutamine, L-glutamate, o-metaphosphoric acid, NEM (N-
ethylmalemide), ammonium sulfamate, acetonitrile, sodium monobasic phosphate, 1-
octanesulfanic acid, o-phosphoric acid, NADH, NADPH, GSNO, GSSG and GAPDH were
purchased from Sigma Chemical Co. NBM (neurobasal medium), B-27 supplements and
penicillin/streptomycin were purchased from Invitrogen.

Animals
Fischer 344 rats (Simonsen Laboratories) were housed under an automated 12 h light/12 h
dark cycle with food and water available ad libibum and were starved overnight before
being killed. All experimental procedures were subject to the approval of the Institutional
Animal Care and Use Committee (IAUC) of the University of Southern California, Los
Angeles, CA, U.S.A.

Primary cortical neurons and astrocytes
Primary cortical neurons were isolated using the methods described previously [17,18].
Briefly, cortical neurons were isolated from the fetuses of timed pregnant (E16–E18, where
E is embryonic day) Fischer 344 rats, plated at a density of ~ 106 cells/well in 0.1 %
polyethyleneimine-coated six-well plates and seeded in NBM supplemented with B-27, 25
units/ml penicillin, 25 μg/ml streptomycin, 25 μM L-glutamate and 0.5 mM L-glutamine at
37 % in a humidified 5 % CO2 atmospher for the first 3 days and thereafter, maintained in
NBM without L-glutamate. All experiments were carried out on 10–14-day-old primary
cortical neurons. Rat primary astrocytes were isolated from neonatal Fischer 344 rats (2–4
days old) and maintained in DMEM (Dulbecco’s modified Eagle’s medium)/Ham’s F12
(Cell Culture Core Facility, University of Southern California) supplemented with 10 %(v/v)
heat-inactivated fetal bovine serum (Gemini Bio-Products), 50 units/ml penicillin and 50 μg/
ml streptomycin until the cultures reached an age of 3 weeks; cultures were trypsinized,
recounted and seeded in 0.1 % polyethyleneimine-coated six-well plates at a density of ~ 0.5
× 106 cells/well. All primary neurons and astrocytes were stained with Trypan Blue and
counted before seeding into plates or dishes.

Exposure of cells to NO•

Primary cortical neurons and astrocytes were exposed to 3.4–13.8 mM DETA
(diethylenetriamine)–NO, a relatively pure NO• donor that decomposes into NO• and the
free amine DETA [19]. The above DETA–NO concentrations correspond to NO• release
rates of 0.061–0.25 μM/s as determined by an ISO NO• electrode (World Precision
Instruments). Cells were exposed to the NO• donor for 1 h to minimize the likelihood that
changes in the GSH pool were due to cell death. The half-life of the donor was ~ 20 h, hence
the flow of NO• release was constant under the conditions of the present study.
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MTT assay
MTT (0.5 mg/ml) was dissolved in Hepes toxicity buffer and added to the wells at the end of
the experiment [17]. Cells were incubated for 1.5 h at 37 °C and lysed in DMSO. MTT
reduction was measured at 490 nm using a microplate spectrophotometer (Bio-Rad
Laboratories). Results are expressed as percentage reductions compared with controls. All
measurements were carried out in triplicate for each treatment.

Measurement of GSH, GSSG and GSNO
GSH, GSSG and GSNO was measured by HPLC with electrochemical detection as
described previously [20]: cells were treated with either 5 mM NEM before lysis with 5 %
o-metaphosphoric acid, or 5 % o-metaphosphoric acid with 25 mM ammonium sulfamate to
prevent artefactual formation of GSNO. Cells were washed with ice-cold PBS before the
addition of o-metaphosphoric acid, and total lysate was centrifuged at 12 000 g for 5 min.
Supernatant was analysed for GSH, GSNO and GSSG content by injection into HPLC
Agilent 1100 series (Agilent Technologies). The mobile phase used to separate GSH, GSNO
and GSSG consisted of 3 % acetonitrile, 25 mM sodium monobasic phosphoric acid and 0.5
mM 1-octanesulfanic acid adjusted to pH 2.7 with o-phosphoric acid. The respective
concentrations of GSH, GSNO and GSSG were calculated based on injected standards.

Cellular redox status
The cellular redox status was quantified by the Nernst equation (Ehc = Eo + 30 log([GSSG]/
[GSH]2) where [GSH] and [GSSG] are molar concentrations and Eo is taken as −264 mV at
pH 7.4 [21]. The Nernst potential was calculated from the molar concentration of GSH and
GSSG in cell volume at the value of ~ 10 μl/mg of protein. In the experimental design of the
present study whereby neurons or astrocytes are exposed to a flow of NO•, GSNO is formed.
Hence, assessment of the cellular redox status by the Nernst equation may be difficult
because the equation does not take into account the absolute concentration of GSNO or the
GSNO/GSH ratio. Nevertheless, the formation of GSNO from GSH is reflected in the
overall absolute concentration of GSH and the equation is still useful to ascertain the redox
state of cells under nitrosative stress. The Nernst potential takes into the account not only the
GSH/GSSG ratio, but also the absolute concentration of GSH, where any changes in the
latter will change the redox potential even without significant changes in the GSH/GSSG
ratio [16].

Enzyme activities
(i) Activities of GSNO and GSSG reductases. Cells were lysed in reductase buffer (20 mM
Tris/HCl, pH 8, 0.5 mM EDTA, 0.1 % NP-40 and 1 mM PMSF), and sonicated three times
at 20 s intervals (with 1 min of resting time on ice) to disrupt and solubilize all proteins. To
detect GSNO-metabolizing activity, 1 mg/ml lysate was incubated with 100 μM GSNO in
the absence or presence of 200 μM NADH. GSNO reductase activity was measured by
determining the GSNO-dependent decrease in NADH absorbance at 340 nm [22]. GSSG
reductase activity was measured with 1 mg/ml lysate in the presence of 100 μM GSSG and
200 μM NADPH; absorbance was measured at 340 nm (ε340 = 6.22 mM−1 · cm−1). BCNU
(20 mM) was added as an inhibitor of GSSG reductase activity to ensure the specificity of
the reaction. (ii) GAPDH activity in neurons was measured using the method described in
[23] with some modifications: cells were lysed in GAPDH reaction buffer (100 mM Tris/
HCl and 5 mM sodium arsenate, pH 8.6) with the addition of protease inhibitors and 2 mM
NEM, and freeze–thawed three times. GAPDH activity was detected in the supernatant
through monitoring the increase in NADH formation spectrophotometrically at 340 nm in
the presence of 250 μM NAD+ and 50 mg/ml GAPDH. Purified rabbit muscle GAPDH
activity was measured under the same conditions.
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Western blot and immunoprecipitation
Purified rabbit GAPDH was purchased from Roche Chemicals. Monoclonal antibodies
recognizing glutathionylated proteins (anti-glutathione, catalogue no. 101-A) and the
agarose-conjugated form of the antibody (catalogue no. 101-A-A) were purchased from
Virogen and diluted at 1:100 for immunoblotting and 1:10 for immunoprecipitation. Rabbit
polyclonal GAPDH purchased from Abcam was diluted 1:1000 for immunoblotting. (i)
Immunoblotting. After NO treatment, cells were washed three times in ice-cold PBS and
scraped in RIPA buffer (50 mM Tris/HCl, pH 7.4, 1 % NP-40, 0.25 % sodium deoxycholate,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4, 1 mM PMSF, 1 mM NaF, 5
mM NEM and protease inhibitor cocktail) with (non-)reducing SDS sample buffer, and
separated by non-reducing SDS/PAGE (10 % gel). Using appropriate antibodies, the
immunoreactive bands were visualized with an enhanced chemiluminescence reagent
(Pierce Biotechnology). Western blot images were acquired using VersaDoc 1000 imaging
system (Bio-Rad Laboratories). SDS/PAGE gels were also stained with Coomassie Blue to
ensure equal loading. (ii) Immunoprecipitation. Cell lysates were prepared as described
above and centrifuged at 10 000 g for 30 min at 4 °C with Nanosep columns with 3 kDa cut-
off (VWR International) to concentrate proteins and remove endogenous GSH to prevent
interference with anti-glutathione agarose-conjugated beads. Lysates were then incubated
with agarose-conjugated anti-glutathione antibody diluted 1:10 for 48 h at 4 °C in the dark;
immunoprecipitates were dissociated from the agarose beads by boiling in reducing sample
buffer containing 100 mM DTT (dithiothreitol) (Pierce Biotechnology), immunocomplexes
were separated on by non-reducing SDS/PAGE (10 % gel), and probed with the anti-
GAPDH antibody and visualized by chemiluminescence as described above. Total lysate
from neurons not exposed to NO• was used as a control.

Statistical significance
Results are means ± S.E.M. Statistical analysis was performed using Student’s t test for
unpaired data or ANOVA. A P value of <0.05 was considered significant.

RESULTS
Exogenous NO• leads to intracellular formation of GSNO in primary cortical neurons and
astrocytes

Primary cortical neurons and astrocytes were exposed to various flow rates of NO•, and the
cellular content of GSH, GSSG and GSNO was assayed using a sensitive HPLC method.
Astrocytes are more resilient than neurons to NO• challenges [14] and this may be partly due
to differential changes in their thiol/disulfide (GSH/GSSG) status. Figure 1 shows changes
in the GSH status of neurons (Figure 1A) and astrocytes (Figure 1B) upon exposure to a
continuous flow of NO• for short periods. In the absence of NO•, GSH levels in neurons and
astrocytes were 14.49 and 23.16 nmol/106 cells respectively. The higher GSH levels in
astrocytes compared with neurons are consistent with other studies [24,25] and with the role
of astrocytes as a detoxifier of oxidants in the brain [25].

Increasing flow rates of NO• led to a dose-dependent decrease in GSH levels that were
accompanied by an increase in GSNO concentrations in both primary cortical neurons and
astrocytes (Figure 1). Upon exposure to higher NO• flow rates (i.e. 0.25 μM/s), GSH
concentrations in neurons decreased by ~ 55 % (Figure 1A), whereas those in astrocytes
decreased by ~ 14 % (Figure 1B). Exposure to lower rates of NO• delivery (0.061 μM/s) led
to a ~ 35 %decrease in GSH levels in neurons, whereas those in astrocytes were hardly
affected (Figure 1). This suggests that astrocytes are able to maintain their GSH
concentrations more effectively than neurons during nitrosative stress. In the absence of
NO•, GSSG levels in neurons and astrocytes were 0.03 ± 0.005 and 0.07 ± 0.04 nmol/106
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cells respectively, increasing to 0.14 ± 0.05 and 0.18 ± 0.09 nmol/106 cells when exposed to
NO• (0.25 μM/s). The decreases in GSH were accompanied by GSNO formation up to 0.23
± 0.05 and 0.13 ± 0.008 nmol/106 cells in neurons and astrocytes respectively (when
exposed to an NO• flow rate of 0.25 μM/s). Increases in GSNO were accompanied by
smaller increases in GSSG. Hence this method allows for detection of a substantial pool of
GSNO in both cell types.

Exposure to NO• leads to changes in the cellular redox status
The higher levels of GSH in astrocytes might afford a greater reducing capacity to buffer
changes of the cellular redox status, which can be quantified by the Nernst equation (see the
Materials and methods section). The cellular redox status is dependent on two factors: the
GSH/GSSG ratio and the absolute concentration of GSH [7,16]. Calculation of the cellular
redox potential by this equation in the presence of NO• presents some difficulties, for it does
not take into account the absolute concentration of GSNO or the GSNO/GSH ratio.
However, the formation of GSNO from GSH is reflected in decreases in the absolute
concentration of the latter and the equation may provide a rough estimation of the cellular
redox status. Figure 2 shows that exposure of neurons and astrocytes to NO• leads to a dose-
dependent oxidation of the cellular redox potential, the effect being more pronounced in
neurons than in astrocytes. On the basis of GSH and GSSG concentrations in the absence of
NO•, the redox potentials in neurons and astrocytes were −281.29 ± 4.42 and −287.22 ±
4.67 mV respectively. These values were increased to −239.21 ± 17.9 and −272.24 ± 8.43
mV in neurons and astrocytes respectively upon exposure of NO• at a flow rate of 0.25 μM/s
(Figure 2). This supports the notion of a higher susceptibility of neurons to oxidative/
nitrosative stress compared with astrocytes.

Metabolism of GSNO and GSSG in primary cortical neurons and astrocytes
GSNO reductase, an evolutionarily conserved enzyme capable of metabolizing intracellular
S-nitrosothiol levels, has a high affinity and specificity towards GSNO [22]. The enzyme
catalyses the NADH-dependent metabolism of GSNO to GSSG and NH3 (GSNO + 2NADH
+ 2H+→GSNH2 + 2NAD+ + H2O; GSNH2 + GSH→GSSG + NH3) and is important in
regulating cellular levels of S-nitrosothiols [22,26] and susceptibility to nitrosative stress
[27]. To determine whether or not primary cortical neurons and astrocytes are able to
metabolize GSNO, a fixed amount of GSNO was incubated with cellular lysates from
primary cortical neurons and astrocytes in the presence or absence of NADH. Both cell
types, neurons (Figure 3A) and astrocytes (Figure 3C), metabolized GSNO in an NADH-
dependent manner. However, astrocytes metabolized GSNO faster (t1/2 ~ 5 min) than
neurons (t1/2 ~ 10 min). Consumption of GSNO by both cell lysates was accompanied by an
NADH-dependent GSSG formation (see equations above), the rate of which was higher in
astrocytes than in neurons (Figures 3B and 3D).

In concert with the GSNO reductase activity, reduction of GSSG by GSSG reductase
regulates and maintains the GSH pool. The activities of GSNO reductase and GSSG
reductase were measured in order to assess the differential ability of neurons and astrocytes
to buffer significant changes in the redox potential effected by an NO• challenge. GSNO-
driven NADH oxidation proceeded at rates 4-fold higher in astrocytes (8.21 nmol/min per
mg of protein) than in neurons (1.88 ± 0.20 nmol/min per mg of protein) (Figure 4A).
Likewise, GSSG reductase activity was 11-fold higher in astrocytes (7.41 ± 0.5 nmol/min
per mg of protein) than in neurons (0.63 ± 0.14 nmol/min per mg of protein) (Figure 4B).
NAD(P)H consumption in the presence of GSSG was inhibited upon pre-treatment of cells
with BCNU, a GSSG reductase inhibitor (results not shown).
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NO•, cellular redox state and cell viability
Exposure of primary cortical neurons and astrocytes to increasing flow rates of NO• resulted
in a dose-dependent decrease in cellular viability in neurons (Figure 5A). NO•-induced
cytotoxicity was far less pronounced in astrocytes: 49.7 ± 16.2 % of cells were viable at the
highest flow rate of NO• (0.25 μM/s). Conversely, at this highest flow rate, only 9.7 ± 6.6
%of neurons were viable (Figure 5A). Addition of N-acetylcysteine, a GSH-repleting thiol,
led to attenuation of cell death in neurons (results not shown). The dependence of cell
viability (results shown in Figure 5A) on the cellular redox potential (expressed in mV;
results shown in Figure 2) is shown in Figure 5(B): of note, cell viability diminishes
dramatically within a narrow reduction potential range, 25 mV; although Figure 5(B) shows
a good correlation between cell viability and the cell’s reduction potential, the reduction
potential values obtained in this plot cannot be taken as correlating with apoptosis or
necrosis. The redox potential, estimated from the GSH/GSSG pool, in HT29 cells was
reported to increase from approx. −250 mV in differentiating cells to approx. −150 mV in
apoptotic cells [21]. This discrepancy may be due, in part, to the different exposure times to
NO• in experiments designed to calculate the redox potential (as a function of the
concentrations of GSH, GSSG and GSNO) and cell viability. The values obtained in the
present study, however, agree with previous work on Jurkat cells exposed to steady-state
levels of H2O2 in which variations of the thiol redox potential were in the 5–20 mV range,
depending on the extent of apoptosis [28].

Exposure of cells to NO• leads to protein glutathionylation
As shown in Figure 1, exposure of neurons and astrocytes to a flow of NO• led to the
formation of GSNO and GSSG; in addition, disruption of the GSH pools may be due to a
decreased synthesis of GSH, increased efflux of GSSG and/or conjugation of GSH to
proteins with formation of protein mixed disulfides, i.e. S-glutathionylation. Whereas
decreased GSH synthesis has been shown in neurons upon chronic exposure to NO• [15],
our experimental model, entailing short exposure periods (1 h), suggests that disruption of
the GSH pool is likely to be due to an increased export of GSSG [29] and/or S-
glutathionylation of proteins. The latter was assessed in primary cortical neurons and
astrocytes (Figure 6): exposure of neurons to increasing NO• flow rates led to a dose-
dependent increase in glutathionylated proteins (Figure 6A); treatment with DTT, which
reduces disulfide bonds, elicited a loss of the immunoreactive bands, thus indicating that the
antibody recognized glutathionylated proteins. Diamide, a thiol-specific oxidant, was used
as a positive control: supplementation of neurons with diamide led to a slew of
glutathionylated proteins; conversely, NO• treatment led to glutathionylation of a small
subset of proteins (only three detectable bands corresponding to approx. 37, 40 and 50 kDa).
This suggests that NO•-induced protein glutathionylation proceeds by mechanisms other
than thiol oxidation.

Treatment of primary astrocytes with NO• also led to protein glutathionylation (Figure 6B);
however, only one band (~ 90 kDa) increased in intensity in a dose-dependent manner.
Immunoreactive bands at 40 and 37 kDa were insensitive to DTT and showed no change in
intensity upon NO• treatment; this suggests some non-specific binding of the antibody, thus
rendering their glutathionylated status unlikely. Treatment of astrocytes with diamide
resulted in a laddering pattern, indicating that NO•-induced glutathionylation occurs in a
highly specific manner, affecting a discrete number of proteins in astrocytes as well.

Modulation of GAPDH activity by NO• through glutathionylation
GAPDH, a glycolytic enzyme responsible for generating the first high-energy intermediate
and pair of reducing equivalents in glycolysis, consists of four identical 37 kDa subunits,
each containing four cysteine residues, two of which (Cys149 and Cys153) are located in the
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catalytic site. Cys149 forms a highly reactive thiolate group due to its interaction with
histidine and is necessary for GAPDH activity [10]. Previous work has demonstrated that
GAPDH can undergo redox-mediated post-translational modifications, such as nitrosylation,
during NO• exposure [30] or glutathionylation when incubated with GSNO [10,31].
Exposure of neurons to increasing flow rates of NO• resulted in a dose-dependent decrease
in GAPDH activity (Figure 7A) under experimental conditions that entailed protein
glutathionylation (Figure 6A). Figure 7(B) shows GAPDH glutathionylation when neurons
were exposed to an NO• flow rate of 0.12 μM/s.

In vitro incubation of purified rabbit GAPDH with increasing concentrations of GSSG
resulted in glutathionylation of the enzyme (Figure 8A) and, consequently, inhibition of its
activity (Figure 8B). Inhibition followed a sigmoidal response with the half-maximal
inhibition value at ~ 1.3 mM GSSG (Figure 8B). DTT treatment rescued GSSG-elicited
inhibition of GAPDH (results not shown). Maximal inhibition of GAPDH occurred at 60 %
and was linear only within a certain range; this suggests that glutathionylation of GAPDH
does not completely inhibit its activity and a threshold effect is present with regard to
modulation of protein activity whereby the redox environment needs to be oxidized to a
certain extent before GAPDH activity might be regulated through S-glutathionylation.
Treatment of GAPDH incubated with 1 mM GSSG in the presence of DTT (Figure 8A)
resulted in a decrease in immunoreactivity. However, there appears to be some non-
specificity with the anti-glutathione antibody as it reacts with the purified GAPDH control.
This may also account for some pull-down of GAPDH in neurons not treated with NO• in
the immunoprecipitation experiments (Figure 7B). Careful use of concentrations, as well as
different doses, was chosen to ensure detection of increased glutathionylation.

DISCUSSION
Neurodegenerative diseases such as Alzheimer’s disease are characterized by the selective
loss of neurons with nitrosative stress being an inherent contributor to the degenerative
progression of the disease. This, together with increasing amounts of evidence supporting
the central role of neuroinflammation and redox modulation of protein function in
neurodegeneration, underscores the relevance of the present study to neurodegenerative
diseases [1,2]. The experimental approach of the present study entailed the use of a long-
acting NO• donor to mimic the exogenous generation of the steady flux of NO• encountered
by neurons under neuroinflammatory conditions (in lieu of generating NO• through
activation of immune cells, such as astrocytes and microglia). This approach helped us to
focus specifically on the role of NO•-mediated changes responsible for cellular injury. The
concentrations of NO• used in the present study are relatively high, but still reasonable when
considering (i) that NOS activity in the brain is higher than in other tissues [1], (ii) that
levels of 1–4 μM NO• were detected in vivo during ischaemia/reperfusion [32], and (iii) that
a localized and concerted increase in NOS expression in glial cells (iNOS) and neurons
(nNOS) has been observed [14,33].

One impediment to fully understand NO•-mediated redox changes is the inability to directly
detect and quantify the amount of intracellular GSNO formed during NO• exposure together
with changes in GSH and GSSG levels. Usually, the formation of intracellular GSNO is
inferred through the formation of S-nitrosylated proteins or Hg+-mediated cleavage of low-
molecular-mass thiols followed by NO• release. Although these approaches have yielded
useful information, they cannot quantify the redox changes inherent in NO• exposure. The
highly sensitive HPLC approach to detect intracellular formation of GSNO and GSSG
enabled a quantitative evaluation of the NO•-mediated redox changes and an estimation of
the cellular redox status (expressed in mV). The results demonstrate that excessive exposure
to exogenous NO• can lead to perturbations of the cellular redox status of neurons as well as
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astrocytes through the increased formation of GSNO and GSSG and loss of GSH. Neurons
were highly sensitive to NO•-mediated oxidation of the intracellular redox environment
compared with astrocytes. As changes in the total intracellular GSH pool were measured 1 h
after the addition of NO• and viability was measured 6 h after the addition of NO•, it may be
surmised that NO•-mediated oxidation of the GSH redox status is a contributing factor to
NO•-mediated neurotoxicity. This is evident by the fact that astrocytes, which have a more
robust GSH redox-buffering capacity, were less susceptible to NO•-induced cell death. It has
been estimated that oxidation of the redox state (Ehc,) by 30 mV leads to a 10-fold change in
ratio of a protein dithiol/disulfide motif [34]; this is in agreement with results of the present
study, where a 41 mV change in the Nernst potential in neurons translated to increased S-
glutathionylation of proteins, whereas in astrocytes, a 23 mV change led to a smaller extent
of glutathionylated proteins.

The loss of GSH observed in neurons could be due to decreased GSH synthesis and/or
increased consumption of GSH through the formation of GSNO and GSSG. Although the
former is likely to occur under chronic NO• exposure [15], it is unlikely under these
experimental conditions, entailing brief incubation times. Instead, the loss of GSH is likely
to be due to increased efflux of GSSG out of the cell, formation of GSNO and conjugation
to proteins through the formation of glutathione–protein adducts, i.e. S-glutathionylation.
Failure to maintain GSH levels and the higher sensitivity of neurons to NO• exposure may
be partly due to the significantly lower activities of GSNO reductase and GSSG reductase;
consequently, neurons have a reduced capacity to buffer NO•-induced redox changes and
increased susceptibility to NO• toxicity. Accordingly, knockdown of GSNO reductase in
cerebellar cells resulted in increase susceptibility to NO•-mediated neurotoxicity [27].

In this experimental model, exposure of astrocytes and neurons to a flow of NO• is expected
to result in inhibition of cytochrome oxidase in both cell types [35,36]; higher levels of NO•

also inhibit electron transfer at the bc1 segment of the respiratory chain in an ‘antimycin-like
effect’ that results in O2

•− production [37]. The diffusion-controlled reaction of O2
•− with

NO• to yield ONOO− [38] has been well documented to occur in mitochondria [39]. The
reaction of ONOO− with GSH [40] to yield GSNO and NO• [41] may suggest that ONOO−

is an important mediator in GSNO formation. However, the different susceptibility of
neurons and astrocytes to either NO• or ONOO− is a function of their capacity to buffer
these redox changes with their inherent GSH levels [42].

The formation of S-glutathionylated proteins in neurons and astrocytes correlated with
increasing neuronal cell death. Although thiol–disulfide exchange (eqn 3) is a
straightforward mechanism for S-glutathionylated protein formation, it is
thermodynamically unfavourable and requires substantial decreases in the GSH/GSSG ratio
[3]; during nitrosative stress, S-glutathionylation is most likely to occur through the
intermediate formation of nitrosylated proteins. This is based largely on the concept that
formation of ‘activated’ forms of cysteine thiols that could ‘prime’ mixed disulfide
formation. The results of the present study suggest that S-glutathionylation of proteins upon
NO• exposure follows S-nitrosylation (eqn 2); supporting this notion is the discrete set of
proteins that are found S-glutathionylated upon exposure to NO•; this strengthens the
requirements for S-nitrosylation [5] and is at variance with diamide treatment that resulted in
a laddering pattern. However, it is clear that both modifications are possible if GSNO is
produced in the cell, then the relative selectivity for either modification will depend largely
on the affinity (determined by pKa) for and stability of the modification. It appears that this
is true within the context of the cell as NO•-induced nitrosylation of proteins leads to an
observable laddering pattern in the brain [4], whereas NO• under the conditions of the
present study led to the glutathionylation of a small subset of proteins. It may also be
reasonable to surmise that NO•-induced glutathionylation of proteins might have cellular

YAP et al. Page 9

Biochem J. Author manuscript; available in PMC 2011 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



consequences different from nitrosylation. This is exemplified by ryanodine receptor
channels (RYR1) where each modification led to specific functional consequences [43]. It is
therefore also important to understand the role of NO•-mediated redox signalling through S-
glutathionylation of proteins [3].

The preferential glutathionylation of a small subset of proteins in neurons and astrocytes
suggests a highly specific process rather than an indiscriminate consequence of redox
changes during nitrosative stress. GAPDH, a glycolytic and pro-apoptotic protein [44] was
found to be glutathionylated in neurons during nitrosative stress, probably as a consequence
of increased GSNO and GSSG formation; glutathionylation of GAPDH led to a significant
decrease in its activity, which may represent a mechanism that promotes energy failure by
limiting energy substrates to mitochondria. The loss of mitochondrial energy substrates
affects neurons especially, owing to their high-energy requirements for cellular function.
Glutathionylation of GAPDH by GSSG followed a sigmoid curve, showing linearity within
a fairly narrow range of GSSG concentrations and a maximal inhibition of 60 %, suggesting
that there exists a threshold level with respect to inhibition of GAPDH by glutathionylation
during oxidative or nitrosative stress. Incubation of GAPDH with its substrate,
glyceraldehyde 3-phosphate, did not protect against glutathionylation-induced inhibition
(results not shown); this suggests that glutathionylation by GSSG did not necessarily occur
on the active-site Cys149, but at other cysteine residues, thereby facilitating an allosteric
effect that mediates the decrease in affinity for the physiological substrates or promotes its
apoptotic function [44]. Limitation of energy substrates to mitochondria (upon S-
glutathionylation and inhibition of GAPDH) is compounded by the sensitivity of complex I
proteins to S-glutathionylation and S-nitrosylation [45,46].

S-glutathionylation of proteins may also serve as a means of storing GSH and a protective
mechanism for redox-sensitive cysteine residues against irreversible damage. In the case of
neurons, where the activities of GSNO and GSSG reductases are marginal, preservation of
the GSH moiety through S-glutathionylation might be an economical means;
deglutathionylation of proteins by either direct thiol–disulfide exchange or
deglutathionylation by thiol–disulfide oxidoreductases, mainly glutaredoxin, may help
restore the GSH levels [3,7]. This view is reasonable considering that under nitrosative
stress, neurons, with a less robust redox-buffering capacity, exhibited a greater extent of S-
glutathionylation of proteins compared with astrocytes.
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NBM neurobasal medium

NEM N-ethylmalemide

nNOS neuronal nitric oxide synthase

NP-40 Nonidet P40
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Figure 1. Intracellular GSNO and GSSG formation following exposure of primary cortical
neurons and astrocytes to NO•

Primary cortical neurons or astrocytes were treated with increasing concentrations of
DETA–NO for 1 h in their respective media as described in the Materials and methods
section. GSH (●), GSNO (○) and GSSG ( ) levels in (A) primary cortical neurons and (B)
astrocytes. n = 3.
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Figure 2. Cellular redox status as a function of NO• flow rate
Nernst potential (mV) in neurons (●) and astrocytes (○) was calculated as described in the
Materials and methods section and plotted as a function of NO• flow rate (expressed in μM/
s).

YAP et al. Page 15

Biochem J. Author manuscript; available in PMC 2011 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. GSNO metabolism in neurons and astrocytes
Assay conditions: 1 mg/ml cell lysate supplemented with 100 μM GSNO in the absence or
presence of 200 μM NADH in reductase buffer. GSNO and GSSG were determined by
HPLC as described in the Materials and methods section. (●) GSNO or GSSG in the
absence of NADH; (○) GSNO or GSSG in the presence of NADH. (A and B) Primary
cortical neurons; (C and D) primary cortical astrocytes. n = 3; P < 0.05.
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Figure 4. GSNO reductase and GSSG reductase activity in neurons and astrocytes
Primary cortical neurons and astrocytes were lysed in reductase buffer and GSNO/GSSG
reductase activity was measured as described in the Materials and methods section. GSNO
reductase activity was determined by the rate of NADH oxidation at 340 nm in 1 mg/ml cell
lysate protein supplemented with 100 μM GSNO and 200 μM NADH. GSSG reductase
activity was determined by the rate of NADPH oxidation at 340 nm in 1 mg/ml cell lysate
protein in the presence of 100 μM GSSG and 200 μM NADPH. n = 3; *P < 0.05.
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Figure 5. NO•, cell viability and the cellular redox potential
(A) Primary cortical neurons (black bars) and astrocytes (grey bars) were exposed to
increasing concentrations of DETA–NO for 6 h. Viability was determined using a MTT
assay. Values are expressed as percent of the viability in untreated cells. (B) Dependence of
cell viability (data from A) on the cell’s reduction potential (data from Figure 2): (●)
neurons, ( ) astrocytes. n = 3; P < 0.05.
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Figure 6. NO•-induced protein glutathionylation in neurons and astrocytes
Western blot analysis of glutathionylated proteins of cellular lysate from (A) neurons and
(B) astrocytes treated with increasing concentrations of DETA–NO for 1 h or 200 mM
diamide for 10 min. Lysates from cells exposed to 0.25 μM/s of NO• flux for 1 h and
thereafter treated with 100 mM DTT for 10 min after lysis to confirm specificity of the
antibody. Glutathionylated proteins were detected with anti-glutathione antibodies (1:500).
Gels were stained with Coomassie Blue to ensure equal loading. n = 3. Grey lines indicate
sections of the gel where empty lanes were removed. Molecular masses are indicated in
kDa.

YAP et al. Page 19

Biochem J. Author manuscript; available in PMC 2011 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. NO•-mediated inhibition of GAPDH activity in primary cortical neurons
(A) GAPDH activity was measured in cell extracts by monitoring the formation of NADH in
the presence of glyceraldehyde 3-phosphate (100 μg/ml) and 250 μM NAD+. Other assay
conditions were as described in the Materials and methods section (n = 3; *P < 0.05). (B)
Primary cortical neurons (seeded at 106 cells/well) were exposed to a flow of NO• at a rate
of 0.12 μM/s for 1 h and pre-treated with 1 mM NEM for 10 min before lysis. Assay
conditions were as described in the Materials and methods section.
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Figure 8. GSSG-dependent glutathionylation of GAPDH
(A) Assay conditions: 10 μg of purified rabbit muscle GAPDH was incubated with
increasing concentrations of GSSG in GAPDH assay buffer. Western blot analysis of
glutathionylated proteins using an anti-glutathione antibody (upper panel) and semi-
quantiative analysis (densitometry) (lower panel) (n = 3). (B) Inhibition of GAPDH by
GSSG: 10 μg of purified rabbit muscle GAPDH was incubated with various amounts of
GSSG in GAPDH assay buffer for 10 min before activity measurements were made.
GAPDH activity was measured in the presence of 250 μM NAD+ and 100 μg/ml
glyceraldehyde 3-phosphate. Activity was calculated as described in the Materials and
methods section (n = 3; expressed as percentage inhibition compared with GAPDH activity
without treatment).
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