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Proteins can form reversible mixed disulfides with glutathione
(GSH). It has been hypothesized that protein glutathionylation may
represent a mechanism of redox regulation, in a fashion similar to
that mediated by protein phosphorylation. We investigated
whether GSH has a signaling role in the response of HL60 cells to
hydrogen peroxide (H20>), in addition to its obvious antioxidant
role. We identified early changes in gene expression induced at
different times by H,0, treatment, under conditions that increase
protein glutathionylation and minimal toxicity. We then investi-
gated the effect of prior GSH depletion by buthionine sulfoximine
and diethylmaleate on this response. The analysis revealed 2,016
genes regulated by H,0,. Of these, 215 genes showed GSH-
dependent expression changes, classifiable into four clusters dis-
playing down- or up-regulation by H,O,, either potentiated or
inhibited by GSH depletion. The modulation of 20 selected genes
was validated by real-time RT-PCR. The biological process catego-
ries overrepresented in the largest cluster (genes whose up-
regulation was inhibited by GSH depletion) were NF-kB activation,
transcription, and DNA methylation. This cluster also included
several cytokine and chemokine ligands and receptors, the redox
regulator thioredoxin interacting protein, and the histone deacety-
lase sirtuin. The cluster of genes whose up-regulation was poten-
tiated by GSH depletion included two HSPs (HSP40 and HSP70) and
the AP-1 transcription factor components Fos and FosB. This work
demonstrates that GSH, in addition to its antioxidant and protec-
tive function against oxidative stress, has a specific signaling role
in redox regulation.
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lutathione (GSH) protects the cell from damage induced by

high levels of reactive oxygen species (ROS), defined as
oxidative stress (1). Its main antioxidant activity consists of the
detoxification of peroxides, partly with the aid of various GSH
peroxidases. Its role as a major thiol antioxidant is demonstrated
by the fact that various conditions of oxidative stress are
exacerbated by GSH depletion, for instance by inhibitors of its
synthesis, and ameliorated by the addition of GSH or its pre-
cursors, including N-acetylcysteine (NAC). Experimentally,
thiol antioxidants, including GSH and NAC, have been used as
tools to investigate the role of ROS in biological systems.

In addition to scavenging ROS, GSH can form mixed disul-
fides with proteins, a phenomenon known as protein glutathio-
nylation (2-4). This can occur by various reactions, either by
thiol/disulfide exchange between protein cysteines and oxidized
GSH (GSH disulfide, GSSG), by direct oxidation, or through the
NO-mediated formation of S-nitrosothiols (3, 4).

The effect of protein glutathionylation is generally considered
deleterious in the framework of oxidative stress, because it is one
of the many forms of thiol oxidation induced by ROS. However,
according to the more recent concept of redox regulation,
several protein cysteines can be defined as “redox sensitive.”
Although disulfide bonds are virtually absent in cytosolic pro-
teins, due to the highly reducing intracellular environment,
proteomic studies have shown that many of them can undergo
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reversible oxidations to form disulfides and glutathionylated
proteins (2-5). The reversibility of protein glutathionylation,
catalyzed by glutaredoxin and, to a lesser extent, thioredoxin (6),
makes this posttranslational modification a likely molecular
mechanism by which GSH could act as a redox-dependent
signaling molecule, in analogy with protein phosphorylation.
However, despite the identification of several proteins under-
going glutathionylation (5, 7), in our opinion a signaling role of
glutathionylation is far from being established.

Because glutathionylation is a redox-dependent modification,
we reasoned that it might participate in signaling the exposure
of the cell to oxidants and have undertaken a study to establish
whether GSH has a signaling role in the response to oxidants. To
this purpose, we performed studies of gene expression profiling
in human promyelocytic leukemia HL-60 cells exposed to hy-
drogen peroxide (H»O,). Several genes were regulated at dif-
ferent time points in response to H,O,, under conditions that
resulted in increased protein glutathionylation. Using this
model, we studied the effect of prior GSH depletion by buthi-
onine sulfoximine (BSO) (8) and the GSH depletor diethylmal-
eate (DEM) (9), to investigate, using two-way ANOVA on
microarray data, whether there are patterns of gene regulation
that require GSH, because these would be the changes where
protein glutathionylation might have a role.

Methods

HL60 Cells and GSH Depletion and Treatments. HL.60 cells were
cultured in RPMI medium 1640 with 2 mM L-glutamine/100
units/ml penicillin/100 pg/ml streptomycin sulfate (all from
Sigma)/10% heat-inactivated FCS. Cells were maintained at a
concentration between 0.3 X 10° per ml and 1.5 X 10° per ml.
For GSH depletion, they were incubated at the density of 0.75 X
106 per ml in complete medium with 200 uM BSO for 23 h, then
with 1 mM DEM for 1 additional hour. Twenty-four hours after
starting the depletion treatment, cell density was 0.75 X 10° as
compared to 1.0 X 10 per ml in parallel controls and viability
(as determined by Trypan blue exclusion) was >98% in both
conditions. Control or depleted cells were then incubated with
50 uM H,0; for 0, 0.5, 2, or 24 h, always in complete medium.

GSH Determinations. Cells (30 X 10°) were suspended in 0.3 ml of
5% sulfosalycylic acid. GSH was measured both in the super-
natant and in the fraction released from the washed pellet by
alkali treatment (protein-bound GSH) (10) using an enzymatic
method (11).
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RNA Isolation and Microarray Hybridization. All experiments were
performed in triplicate. Each sample (20 X 106 cells) was lysed
in 3 ml of TRIzol Reagent (Life Technologies, Gaithersburg,
MD) and RNA extracted according to the manufacturer’s pro-
tocol. The obtained RNA was further purified by using the
RNeasy (Qiagen, Valencia, CA) system and protocol. Only the
samples with the highest purity and integrity (as judged by
A260/280 ratio, on 1% agarose/formaldehyde gels and on a
Bioanalyzer) (Agilent Technologies, Palo Alto, CA) were pooled
and further processed. Biotin labeling of total RNA, hybridiza-
tion, washing, and scanning of the Affymetrix (Santa Clara, CA)
GeneChip Human Genome Hg-U133A were carried out as
recommended by the manufacturer. Because there was <2%
variability between replicate gene chips carried out with these
procedures, technical replicates were not performed. Biological
triplicates (samples from three completely independent exper-
iments) were analyzed.

Microarray Data Analysis. Image quantification, background sub-
traction, and scaling were made with MICROARRAY SUITE (MAS)
5.0 software (Affymetrix) with the default parameters for
the statistical algorithm. No further background correction of
the data was applied. For signal-dependent normalization, the
Qspline method (12) was applied with default settings from
the affy-package from Bioconductor (13), using the R language
and environment. For statistical analysis of differentially ex-
pressed genes, we applied ANOVA in the R environment (14),
either one way for the extended time course in control cells (0,
0.5, 2, and 24 h of H,O, treatment) or two-way for the compa-
rable parts of the experiment (control and depleted cells, 0, 0.5,
and 2 h of H,O, treatment), giving values for the significance of
differences between the groups (depletion effect), in the groups
(H,0, effect), or with interaction. This gave us a table of four
P values for each gene. Because the distribution of the P values
for the interaction in two-way ANOVA was homogeneous, we
did not take into account this parameter. Two sets of genes
(affected by H,O, treatment and not by GSH depletion and
affected by both conditions) were selected and classified accord-
ing to the similarity in their expression profile, by complete
linkage hierarchical clustering using the uncentered Pearson
correlation coefficient as the distance measure using the GENESIS
1.3 software (15). Statistically significant overrepresentation in
Gene Ontology categories was checked by using the Gene
Ontology Tree Machine (http://genereg.ornl.gov/gotm) (16).

Microarray Data Validation. Quantitative real-time RT-PCR vali-
dation was made for 20 genes in four independent experiments
(including experiments not tested in microarray) and on-target
sequences chosen independently from the target sequences of
the arrays. Reverse transcription was carried out at 42°C for 50
min in 50 ul of reverse transcription mixture containing 500 ng
of total RNA, 400 units of Reverse Transcriptase (SuperScript
II, Invitrogen), 20 units RNase inhibitor (RNase out, Invitro-
gen), 0.8 mM each dNTPs (Amersham Pharmacia Biosciences),
and 1 pg of random primers (Promega). To measure TNF-«
mRNA, PCR was performed by using a SyBr green PCR master
mix (Applied Biosystems) and the following primers: 5'-
GCTTTGATCCCTGACATCTGG-3" and 5'-AAGTCCTG-
CAGCATTCTGGC-3', designed with the PRIMER EXPRESS soft-
ware (Applied Biosystems). B-Actin was used as endogenous
control (17). All other genes were measured on microfluidic
cards with the selected TagMan Gene Expression Assays pre-
loaded into each reaction well (TagMan low-density arrays,
Applied Biosystems), using B-glucuronidase as the endogenous
control. All procedures, including data analysis, were performed
on the Applied Biosystems PRISM 7900 Sequence Detector
(Applied Biosystems).
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Fig. 1. Experimental design and data analysis diagram.

Results

Experimental Design. HL60 cells were depleted of GSH by over-
night treatment with 200 uM BSO followed by 1-h incubation
with 1 mM DEM. This led to a reduction of 80% in total cellular
GSH, without affecting cell viability. Cells were then treated
with 50 uM H,O,, which was chosen as the highest concentration
that would not decrease cell viability in control cells in the first
2 h. At the time of H,O, treatment, GSH-depleted cells viability
was only slightly decreased (by ~30%), whereas at 24 h, toxicity
in GSH-depleted cells was 90% vs. 30% in control cells. No
further toxicity was observed in the next 24 h in control cells,
although cell growth was completely inhibited. Gene expression
was therefore analyzed up to 24 h in control cells and up to 2 h
in depleted cells in three independent experiments (see Fig. 1 for
a scheme of the experimental design). Exposure of cells to 50 uM
H,0, for 30 min did not significantly change total GSH levels
(control, 185 = 14; H,0,, 195 * 10 ug/10° cells), whereas it
induced a marked increase in overall protein glutathionylation
(protein-bound GSH: control, 17.8 = 7.8; HyOy; 289 = 2.2
ug/106 cells).

Microarray Data Analysis. Expression data from MAS were nor-
malized by using the signal-dependent Qspline method (12).
Statistical analysis was then performed by ANOVA (modified
from ref. 13), either two way for the comparable samples in
control and depleted cells (up to 2 h of H,O, treatment) or one
way for the 24-h time course in control cells. This gave us a table
of four P values for each gene. We then selected two sets of
genes: those whose expression was affected by H,O, treatment
(P < 0.001 in either of the two analyses) but not by GSH
depletion and those affected by both conditions, as outlined in
Fig. 1. The number of genes affected by GSH depletion was
markedly lower than that of the unaffected. For this reason, for
the second set, we used less stringent statistical conditions (P <
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Hierarchical clustering of GSH-dependent and -independent H,0,-regulated genes. Time points were 0, 0.5, 2, and 24 h for control cells and 0, 0.5, and

2 h for GSH-depleted cells. Data represent log; ratios vs. respective CO (no H,O»; no GSH depletion) of triplicate experiments.

0.01). Genes that were significantly affected by H,O, treatment
either in the one-way or in the two-way analysis at P < 0.001 were
586, of which 412 were not affected by depletion (P > 0.05).
Genes affected by H,O, at P < 0.01 were 2,016, of which 215
were also affected by depletion (P < 0.01).

As a further comparison, we looked for the genes changed by
depletion at a high significance (P < 0.001, 139 genes) but not
by H,O; (P > 0.05) and found only 27 genes that, compared with
the 412 of the reverse pattern, confirm the absence of gross
toxicity effects of depletion per se, and demonstrate that the main
changes brought about by GSH depletion reside on the cell
response to oxidant stimuli.

Genes were then classified, according to the similarity in their
expression profile, by hierarchical clustering. The set of genes
changed only by H,O; is shown on Fig. 2 Right and has been
classified into three clusters, corresponding to down-regulated
(cluster 5), late-induced (cluster 6), or early-induced (cluster 7)
genes.

The genes changed by both conditions, i.e., those whose H,O,
regulation was significantly altered by GSH depletion, are shown
in Fig. 2 Left and were classified into four clusters: down-
regulation by H,O, potentiated by BSO/DEM (1), up-regulation
by H,0, inhibited by BSO/DEM (2), down-regulation by H,O»
inhibited by BSO/DEM (3), and up-regulation by H,O; poten-
tiated by BSO/DEM (4). Clusters 1 and 4 may include genes
whose response is amplified due to the higher oxidant stimulus
provided by H,O, in the absence of the antioxidant GSH, or
genes whose regulation is inhibited by GSH. Clusters 2 and 3
contain genes whose regulation positively depends on the pres-
ence of GSH, i.e., that need GSH for their H,O,-induced
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regulation. The names of the genes in these four clusters and
their probeset identifications (www.affymetrix.com/analysis/
netaffx/index.affx) are reported in Figs. 4-7, which are pub-
lished as supporting information on the PNAS web site.

PCR Validation. We selected 20 genes for validation in real-time
PCR with target sequences chosen independently from the
target sequences of the arrays. Ten genes were taken from cluster
2. For eight of them [IL16 and CC chemokine receptor 1
(CCR1), Fas-associated via death domain protein (FADD),
sirtuin, TGFB inducible early growth response gene (TIEG),
target of early growth response receptor 1 (TOE1), thioredoxin
inhibitory protein (TXNIP), and type II geranylgeranyl trans-
ferase (RabGGT)], the H,Op-induced up-regulation and its
dependence on GSH were confirmed by PCR (Fig. 3, at the top).
Only TNF receptor-associated factor 6 (TRAF6, Fig. 3 Upper)
and v-jun (not shown) had a different expression pattern from
that observed in the arrays. In both genes, PCR revealed a stable
induction (9-fold for v-jun) from 2 to 24 h, unchanged by
depletion. On the contrary, the arrays revealed a transient
induction, inhibited by GSH depletion, with a peak at 2 h and a
return to lower than basal levels at 24 h. This discrepancy, which
probably depends on the different target sequences interrogated
by PCR (at the 5’ end) and arrays (at the 3’ end), suggests a
peculiar mRNA processing that deserves further investigation.

Five genes were chosen from cluster 4 [two HSPs (HSP40 and
HSP70), FosB, early growth response protein 1 (EGR1), and
phosphatidylserine receptor]. All of them were confirmed (Fig.
3 and phosphatidylserine receptor, not shown), showing a dra-
matic effect of GSH depletion on their induction by H,O,. Five

Fratelli et al.
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Table 1. Biological process categories according to the Gene Ontology (GO) database over represented among

the genes showing GSH-dependent H,O; induction

Go category Observed Expected Pvalue Gene symbols

Positive regulation of NF-xB 4 0.58 0.0003 FADD, TRAF6, EDG2, TNFA

Transcription 34* 11.67 8.E-10  JUN, KLF10, KIAA0863, ZBTB17, JUND, TOE1, CEBPG, MNT,
BRPF1, ZNF140, ZNF175, ZNF35, ZNF305, ZNF571, ZNF45,
ZNF304, GATA2, IRX5, ZNF238, ZNF307, ZNF20, HLX1,
MCMS5, ZNF79, RRN3, FOSL2, ATF7IP, ZNF408, ZNF350,
RBM15, T RIM68, ZNF435, FLJ23506, ZNF557

DNA methylation 2 0.14 0.009 ATF7IP, THUMPD2

Reported are: the number of regulated genes belonging to the indicated category (observed), the number expected on the basis of
the frequency of that class in the array gene list (expected), the significance of the enrichment (P value) (15), and the list of the gene

symbols.
*Three of those were represented twice.

additional genes were selected on the basis of their interest
[annexin 1, galectin 1, IL-18 receptor type I (IL18R1), IL-18
receptor accessory protein (ILISRAP), and TNF-«). The first
four were induced by H,O, and showed a trend to a higher
induction in GSH-depleted cells that became statistically signif-
icant when gene expression was analyzed by PCR. TNF-a was
induced early upon H,O, stimulation, an effect that was statis-
tically significant in the PCR validation, although not in the
microarray analysis. Not only did GSH depletion inhibit H,O»
induction of this gene, but it also decreased its baseline expres-
sion (statistically significant in both assays).

Among the genes whose induction by H,O, was inhibited by GSH
depletion, three major biological process categories were signifi-
cantly overrepresented, including genes implicated in NF-«B acti-
vation, transcription, and DNA methylation (Table 1).

Discussion

The present work shows that some patterns of gene regulation
induced by exposure to H,O, are GSH-dependent. Interestingly,
several of the genes we report to be regulated in a GSH-
dependent way are also shown here to be induced by a redox-
dependent mechanism. That GSH amplifies the effect of H,O»
on the regulation of some genes, as in clusters 1 and 4, was
expected, because GSH depletion, by removing an H;O»-
degrading system, obviously increases the extent of oxidation by
H,0,. However, these clusters might also include genes whose
regulation is inhibited by GSH, such as, for instance, those
proteins where glutathionylation is a negative regulator. In
particular, cluster 4 included two HSPs and two components of
activator protein-1 (AP-1) (Fos and FosB) that are not induced
by H,O, alone and are strongly induced [4- and 8-fold (HSPs)
and 25-fold (the two Fos)] in depleted cells, indicating that GSH
is a potent inhibitor of their induction. Of note, however, the
induction by H,O; of v-jun, another component of the AP-1
transcription factor, is not potentiated by GSH depletion, sug-
gesting a complex regulation of AP-1 activity by GSH, through
a differential regulation of the heterodimer composition. A
number of the genes in this cluster are indicative of a higher cell
stress and reflect the higher H,O, toxicity in depleted cells. Some
growth arrest-related genes were induced by H>O» (not shown),
in accordance with the observed inhibition of cell growth, but
were not GSH-dependent.

The largest cluster (cluster 2) shows an inhibitory effect of
GSH depletion on the induction of several genes by H,O»,
supporting the initial hypothesis of a role of GSH as a signaling
molecule in redox regulation. Among these genes whose induc-
tion by H,O, was GSH-dependent, we found four positive
regulators of NF-«kB (TRAF6, FADD, EDG2, and TNF-q, with
an average and homogeneous 2.2-fold induction), and three of
these are also implicated in death receptor pathways. This
suggests that H,O,-dependent NF-«B activation could be lower

14002 | www.pnas.org/cgi/doi/10.1073/pnas.0504398102

in conditions of decreased GSH. Interestingly, although GSH
and NAC inhibit NF-«B activation, GSH is essential for Fas-
mediated apoptosis of the hepatocyte (18), and NF-«B activation
requires GSSG (19) or GSH biosynthesis (20). Furthermore,
there is an optimal GSH-GSSG ratio for NF-«B activation and
DNA binding, and this varies for the different promoters (21). It
is also important to note that, although glutathionylation in-
volves formation of protein—-GSSGs and is obviously inhibited by
GSH/GSSG depletion, addition of GSH and its precursor NAC
do not augment protein glutathionylation. Indeed, augmenting
the levels of GSH will result in a shift of the GSH/GSSG ratio
toward a more reducing condition, thus favoring glutaredoxin-
mediated protein deglutathionylation (6, 10), an effect that was
also observed with other thiol reductants, including NAC (10).

Finally, the 2.5-fold induction of the thioredoxin inhibitor
TXNIP (22) by H,O, was also GSH-dependent, as well as that
of the histone deacetylase, also deacetylating other proteins,
including p53 and sirtuin (23), which promotes cell survival in
mammalian cells and whose yeast homologue extends lifespan
(24, 25).

In the present study, we directly addressed the issue of the role
of GSH in the signaling events leading to changes in gene
expression induced by H,O,, known to augment protein gluta-
thionylation (5, 7). However, it is important to note that protein
glutathionylation not only occurs after exposure to oxidants but
is also present in basal conditions, and in fact in the present work,
we detected a significant amount of glutathionylated protein in
untreated cells, as we previously did in human T cell blasts (10).
These observations are in agreement with earlier work by
Brigelius et al. (26, 27) showing that, in normal liver, ~1% of
total GSH is present as mixed disulfides with proteins (in the
range of 30 nmol per gram of tissue). Depending on the cellular
redox state, the amount of mixed disulfides may rise up to
20-50% of the total GSH content (28). Thus, it will be important
to investigate whether GSH also plays a role in signaling induced
by growth factors, cytokines, or bacterial products. In fact, ROS
have been documented in recent years as downstream mediators
of several distinct signaling pathways, activated by different
receptor classes. ROS are produced upon stimulation with
growth factors such as platelet-derived growth factor (29), EGF
(30), VEGF (31), TGF-B 1 (32), and insulin (33); inflammatory
cytokines such as, IL-1B (reviewed in ref. 34) and TNF-«
(reviewed in ref. 35); neurotransmitters and peptides, such as
serotonin (36), bradikinin (37), and angiotensin II (38); and
other stimuli such as T cell receptor-dependent mitogen-
activated protein kinase activation (39) and integrin-mediated
changes in cell shape (40). Moreover, ROS are generated during
the normal cell cycle and govern its progression (41, 42). ROS
and NO production is also increased by endotoxin and IFN-y
(43, 44).

Fratelli et al.
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There is much evidence that thiols like NAC can regulate the
activation of transcription factors and production of cytokines
and ultimately affect immune system functions. It has long been
known that GSH is essential for several immune functions, such
as IL-2 production, IL-2 responses, and cytotoxic T cell activity
(45-48), and regulates the Th1-Th2 balance (49). Lower GSH
levels in patients with AIDS have been correlated with immune
deficiency (47), and alcohol intoxication, a condition that is
associated with increased susceptibility to infections (50), also
results in GSH depletion (51). Finally, in vivo, GSH depletion
worsens survival and antibacterial activity in a model of exper-
imental sepsis (52). Of note, among the GSH-dependent H,O»-
regulated genes, we found several immune system-related genes,
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