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Glutathione catabolism as a signaling mechanism
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Abstract

Glutathione (GSH) is the main intracellular thiol antioxidant, and as such participates in a number of cellular antitoxic and defensive
functions. Nevertheless, non-antioxidant functions of GSH have also been decribed, e.g. in modulation of cell proliferation and immune
response. Recent studies from our and other laboratories have provided evidence for a third functional aspect of GSH, i.e. the prooxidant
roles played by molecular species originating during its catabolism by the membrane ectoenzyme y-glutamyl transpeptidase (GGT). The
reduction of metal ions effected by GSH catabolites is capable to induce redox cycling processes leading to the production of reactive
oxygen species (superoxide, hydrogen peroxide), as well as of other free radicals. Through the action of these reactive compounds, GSH
catabolism can ultimately lead to oxidative modifications on a variety of molecular targets, involving oxidation and/or S-thiolation of
protein thiol groups in the first place. Modulating effects of this kind have been observed on several important, redox-sensitive components
of the signal transduction chains, such as cell surface receptors, protein phosphatase activities and transcription factors. Against this
background, the prooxidant reactions induced by GSH catabolism appear to represent a novel, as yet unrecognized mechanism for

modulation of cellular signal transduction.
© 2002 Elsevier Science Inc. All rights reserved.
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Oxidation/reduction reactions are a primary mechanism
for regulation of numerous important functions of the cell.
A number of biomolecules involved in signal transduction
and regulation of gene expression are sensitive to proox-
idants, e.g. reactive oxygen species (ROS), at concentra-
tions considerably lower than those capable to induce
oxidative injury. Prooxidants thus can no longer be
regarded as merely offensive species, and similarly, the
physiological role of some established ‘““antioxidants’ also
is in need of careful reconsideration. Glutathione (GSH)—
perhaps the best known cellular antioxidant—appears an
ideal candidate in this perspective. The antioxidant role of
GSH is readily apparent in detoxification of electrophilic/
oxidizing drugs and protection from lipid peroxidation.
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Nevertheless, non-antioxidant functions of GSH have been
decribed, e.g. in modulation of signal transduction, cell
proliferation and immune response. To complete the pic-
ture, recent studies point to prooxidant effects of (extra-
cellular) GSH, which can ensue from its catabolism by the
membrane ecto-enzyme y-glutamyltransferase (GGT). It
has in fact been documented in our and other laboratories
that prooxidant species (superoxide, H,O,, thiyl radicals)
are produced during GSH catabolism, as a result of the
interaction of GSH metabolites—cysteinyl-glycine in the
first place—with trace levels of iron ions present in the cell
environment. The interaction of these GSH/GGT-derived
prooxidants several intra- and extracellular targets is
responsible for appreciable modulatory effects on the
signal transduction chains.

1. GSH, GGT and iron reduction

v-Glutamyl transpeptidase (E.C. 2.3.2.2) is normally
found in serum, and is expressed by a wide range of normal
cell types [1,2] as well as in a number of neoplastic cell
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lines [3] and human spontaneous tumors (reviewed in [4]).
GGT catalyzes the first step in the degradation of extra-
cellular GSH, i.e. the hydrolysis of the y-glutamyl bond
between glutamate and cysteine [5]. In so doing GGT
releases cysteinyl-glycine, which is subsequently cleaved
to cysteine and glycine by plasma membrane dipeptidase
activities [5].

Stark et al. [6] first proposed that the catabolism of GSH
can play a prooxidant role in selected conditions. These
authors suggested that the GGT-mediated cleavage of
GSH—allegedly through the generation of the more reac-
tive thiol cysteinyl-glycine—could cause the reduction of
ferric iron Fe(Ill) to ferrous Fe(Il), thus starting an iron
redox-cycling process liable to result in the production of
ROS and stimulation of oxidative reactions. GGT was thus
shown to stimulate a GSH-dependent lipid peroxidation in
model systems involving Fe(IIl) complexes as redox cat-
alysts and purified linoleic acid peroxidizable substrate [6].
In these systems, the “prooxidant” effect of GGT was
attributed to the formation of cysteinyl glycine and
cysteine, which reduce Fe(III) more efficiently than does
GSH [7,8]. Indeed, in systems including ADP-Fe(IIl)
complexes GSH itself can reduce some iron, but the
reaction rate increases significantly when GGT is included
to remove its y-glutamate residue (Fig. 1 A). Maximal rates
of ADP-Fe(III) reduction are observed after co-incubation
of GSH and GGT with glycyl-glycine (gly-gly), which
accelerates the enzymatic hydrolysis of GSH by serving as
a terminal acceptor of y-glutamyl moieties. In vivo, this
function is assisted by a number of acceptor aminoacids
[5]. Inasmuch as neither GGT nor GGT plus gly-gly can
reduce ADP-Fe(III) directly, these results show that GSH-
enhanced iron reduction is enhanced by enzymatic removal
of y-glutamate. This effect was observed over a broad
range of GGT activities and GSH concentrations [9].
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Previous studies had shown that the pK, of the cysteinyl-
glycine thiol is significantly lower than that of GSH (6.4 vs.
8.56, respectively) [10]. The ability of GGT to enhance
iron reduction by GSH might therefore reflect the forma-
tion of cysteinyl-glycine, bearing a thiol moiety which
dissociates more rapidly at near-neutral pH, and can thus
redox-couple with Fe(III). In agreement with this possibi-
lity, cysteinyl-glycine was found to reduce ADP-chelated
Fe(II) more effectively than did GSH, forming Fe(Il) to
the same extent as observed with GSH plus GGT (Fig. 1B).
Similar results were obtained with cysteine, that is the
product of cysteinyl-glycine hydrolysis by membrane-
bound dipeptidase (Fig. 1B).

According to Spear and Aust [8] GSH-dependent iron
reduction might be limited by the chelating properties of
the a-carboxyl group of y-glutamate, affecting sterical and
redox interactions of the cysteine thiol with Fe(III). To test
this hypothesis, GSH dimethyl ester (GSH-DME)—having
the glutamate moiety methylated in conjunction with the
carboxyl group of glycine, was prepared. As also shown in
Fig. 1B, GSH-DME was more effective than GSH in
reducing ADP-Fe(IlI), yielding the same Fe(II) as formed
by cysteinyl-glycine, cysteine, or a combination of GSH
with GGT. Considering that the thiol moieties of GSH and
GSH-DME share very similar pK, [8], we concluded that
ADP-iron reduction was indeed limited by the chelating
properties of y-glutamate, affecting electron transfer from
the juxtaposed cysteine thiol to Fe(IIl) [9].

Redox cycling of iron is a recognized factor in initiation
of lipid peroxidation [11]. Accordingly, GSH/GGT-depen-
dent iron reduction was repeatedly shown to result in the
promotion of lipid peroxidation, in chemically induced
preneoplastic lesions of rat liver [12], in rat liver micro-
somes and isolated hepatocytes [13], and in isolated human
plasma LDL lipoproteins [9].
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Fig. 1. (A) Effects of GGT on GSH-dependent ADP-Fe(IlI) reduction. Incubations (I mL final volume) contained ADP-Fe(III) (1 mM chelator—0.1 mM
FeCls), glycyl-glycine (gly-gly) (20 mM) for stimulation of GGT activity, and bathophenanthroline disulfonate (0.25 mM) for determination of Fe(II)
produced, in PBS, pH 7.4, 37°. Reactions were started by adding GSH (2 mM) and increasing amounts of GGT. Values are taken from representative
experiments. (B) ADP-Fe(IIl) reduction by GSH-DME in comparison with GSH, GSH plus GGT or GSH hydrolysis products. Incubations (1 mL final
volume) contained increasing amounts of ADP-Fe(IIl) in PBS as above. Reactions were started by adding 1 mM cysteinyl-glycine, cysteine, GSH or GSH-
DME. Where indicated, GSH was co-incubated with GGT (200 mU) and gly-gly (20 mM). Values are those determined at 2 hr and are taken from

representative experiments. Data from [9], modified.
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Table 1
The inhibition of GGT activity reveals a net GSH efflux from U937
histiocytoma cells

Sample GSH in supernatant (pmol/10° cells/hr)
Control 75+ 4
Acivicin 15 pM 259 +£3°
Acivicin 150 pM 444 + 37

After 3 hr of GGT inhibition with acivicin in RPMI-1640 medium,
cells were washed and resuspended in PBS; the GSH content in the
extracellular medium was measured after 1 hr.

P < 0.001, compared to control value. Data from [21], modified.

2. GSH/GGT-dependent prooxidants and the redox
status of protein thiols

By cleaving the y-glutamyl bond in GSH, GGT provides
the first step in catabolism of extracellular GSH. With the
contribution of membrane dipeptidase activities, precursor
aminoacids glycine and cysteine are then released, which
can cross the plasma membrane and are re-utilized for
intracellular GSH synthesis [14]. Since it has been docu-
mented that a continuous efflux of GSH occurs from a
number of cell types through specific out-transporters [15],
it is conceivable that a major function of GGT ectoactivity
could be the salvage of extracellular GSH which would
otherwise be lost from the cell. GGT would thus play the
main role in sort of a “GSH cycling” at the plasma
membrane [16], with the apparent task of preserving
cellular levels of GSH [17].

This view, however, may not always be sufficient to
interpret experimental evidence, as in some instances
GGT activity can be dissociated from cellular supply of
GSH. Table 1 reports data obtained with U937 histiocytoma
cells. Indeed, the inhibition of GGT in these cells reveals the
presence of a continuous GSH efflux, since significant
amounts of GSH are accumulated in the extracellular med-
ium following treatment with the non-competitive GGT
inhibitor acivicin. Nevertheless, as shown in Table 2,
GGT inhibition does not result in any decrease of intracel-
Iular GSH content, pointing to the possibility that—at least
in this cell type—GGT-mediated cleavage of extracellular

Table 2
Intracellular GSH levels in U937 histiocytoma cells following the
inhibition of GGT activity

Sample Incubation GSH content
time (hr) (nmol/mg protein)
Control 24 234 £ 13
Acivicin 15 uM 25.8 £ 1.7
Acivicin 150 pM 255 +£2.9
Control 48 22.1 £ 1.1
Acivicin 15 pM 253 £ 15
Acivicin 150 pM 299 £ 1.5

Results are means == SEM from three separate experiments. Data from
[21], modified.

GSH may be not essential for the maintainance of intracel-
Iular GSH levels.

Are there additional functions of GGT, unrelated with
cellular supply of GSH? In favor of such view are the
results of recent research, focused on the effects produced
by GGT-mediated GSH catabolism on the outer cellular
microenvironment. In studies on the relationships of GGT
expression with cellular handling of thiols, we found that
cell-specific differences in the balance between transport
of sulfur aminoacids and membrane GGT activity are
reflected in profound differences in the thiol redox status
of the extracellular milieu. With melanoma cells not
expressing GGT, the extracellular accumulation of sub-
stantial amounts of GSH, GSSG and glutathione—cysteine
disulfide was observed. In GGT-expressing cells, the same
thiols accumulated extracellularly only after inhibition of
GGT activity [18].

Thus, in cells expressing GGT at their surface, the
continuous cleavage of extracellular GSH creates peculiar
conditions favoring the formation of different disulfide
species, involving GSH itself as well as its catabolites.
A crucial role in these processes is played by thiol-depen-
dent iron reduction and the subsequent production of
prooxidants. Redox cycling of iron in fact leads to the
production of ROS [19]—i.e. superoxide anion in the first
place, from which in turn by dismutation hydrogen per-
oxide is originated—as well as of thiyl (-S*®) radicals; the
latter can easily react to form disulfides. The following
overall sequence can be envisaged as set into motion
by GGT-mediated catabolism of GSH [6] (GC-SH =
cysteinyl-glycine):

GSH™Yy-glutamate + GC-SH (1)
GC-sH 2 'Ge-s~ (thiolate anion) + H* )
GC-S™ + Fe** — GC-S* (thiyl radical) + Fe?" 3)
Fe>™ 4+ 0, — Fe*' 4+ 0, (superoxide anion) 4)
0, + H,0 — 0O, + H,0, (hydrogen peroxide) Q)

The production of ROS following iron reduction
induced by the GGT-mediated catabolism of GSH has
been repeatedly documented [4,20-22]. Fig. 2 reports data
obtained with U937 histiocytic lymphoma cells, posses-
sing 215 mU GGT/mg protein at their surface. The addi-
tion of GSH and co-substrate gly-gly to cells results in a
sustained production of hydrogen peroxide. The reaction
occurs in the extracellular environment, as shown by the
fact that catalase—which cannot penetrate cell mem-
brane—can suppress it (Fig. 2A). Generation of H,0,
did not take place with cells in which GGT had been
irreversibly inhibited by the non-competitive GGT inhi-
bitor acivicin, nor in the presence of the competitive GGT
inhibitor, serine—borate complex (Fig. 2B). H,O, produc-
tion was markedly decreased in the presence of the Vitamin
E analogue Trolox C, and was suppressed by addition of
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Fig. 2. Production of hydrogen peroxide by U937 histiocytoma cells following the addition of exogenous GSH. H,O, production was measured by
fluorimetric monitoring of the horseradish peroxidase (HRP)-catalyzed oxidation of the fluorescent probe N-acetyl-3,7-dihydroxyphenoxazine (A6550),
which is non-fluorescent and becomes highly fluorescent after oxidation by H,O,. (A) The enhancing effect of gly-gly, added in order to stimulate GGT
activity of cells, and the suppressing effect of catalase (CAT). (B) The inhibitory effects of increasing concentrations of the non-competitive GGT inhibitor,
acivicin (AT-125). (C) The oxymetrical determination of the oxygen consumption induced by GSH catabolism, started by adding purified bovine kidney GGT
to an acellular system including GSH (2 mM), gly-gly (200 mM) and Fe(III) (150 uM FeCls), in PBS, pH 7.4, under continuous stirring at 37°.

low concentrations of the non-cell permeant iron chelator
HES-DFO, as well as by addition of a structurally unre-
lated metal chelator, EDTA [4], thus confirming the invol-
vement of extracellular iron ions in the reaction. As
expected, H,O, production could also be directly started
by the addition to assay mixture of cysteinyl-glycine, i.e.
the metabolite resulting from GGT-mediated cleavage of
GSH, although with a relatively low efficiency as judged
on a molar basis [4]. As complementary data, Fig. 2C also
shows how GGT-mediated GSH catabolism in the presence
of Fe(IIl) is accompanied by a consumption of the oxygen
present in the medium.

The availability in vivo of iron and other redox-active
metals—Ilike copper—in unbound, redox-active form is
very restricted, and the question therefore arises whether
the described iron-dependent reactions may take place in
the normal cell environment. Actually, the release of free
iron ions from its storage sites can occur in a whole series
of pathophysiological conditions. This is, e.g. the case of
iron released from ferritin or haem by the action of super-
oxide and hydrogen peroxide, two agents produced follow-
ing the activation of phagocytic cells [23]. Moreover, it has
been demonstrated that the reducing power of GSH cat-
abolites originated by GGT is sufficient to effect the
reductive release of redox-active iron from transferrin
[6,20]. GSH catabolism by GGT could thus represent itself
a mechanism capable to increase locally the availability of
free iron, which would then catalyze the redox reactions
leading to the production of prooxidant species.

Conceivably, a primary target for the action of proox-
idants generated extracellularly during GGT activity would
be given by thiols of proteins located at the cell surface.
The possibility that GSH/GGT-dependent prooxidants
could interfere with the redox status of thiol groups con-
tained in proteins at this site was thus investigated. To this

aim we developed and validated a procedure for the
selective labeling of thiols of cell surface proteins [4].
Indeed, the results obtained revealed the occurrence of a
GGT-dependent oxidation of thiol groups in surface pro-
teins of U937 cells. Protein thiol oxidation was in fact
increased following stimulation of GGT activity, while the
process was prevented after its inhibition. The involvement
of hydrogen peroxide in the process is indicated by the fact
that protein thiol oxidation was significantly prevented by
catalase. Experiments also showed that GGT-dependent
decrease in reduced protein thiols was partly due to protein
S-thiolation reactions, and that GGT inhibition by acivicin
is per se sufficient to produce an increase of reduced
protein thiols at the cell surface [4]. The latter observation
seems to indicate that in GGT-rich cells, surface proteins
are continuously exposed to a GGT-dependent oxidant
stress, which maintains their thiols partially oxidized.
One of the physiological roles of GSH catabolism by
GGT could thus lie in its ability to modulate the redox
status of cell surface protein thiols.

3. Effects on the cellular proliferation/
apoptosis balance

It is widely recognized that prooxidants can play a
modulatory role on the transduction of proliferative/apop-
totic signals, due to their ability to interact with redox-
sensitive regions of growth factor receptors, protein
kinases and transcription factors [24—-26]. A first indication
that prooxidant reactions originating from GSH catabolism
could play a role in these processes came from studies with
human A2780 ovarian cancer cells, showing that exogen-
ous GSH exerts an antiproliferative action, and that this is
an effect of H,O, and thiol oxidation produced by GGT-
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Fig. 3. Mechanisms of GSH-induced growth inhibition in A2780 ovarian carcinoma cells. Determinations were performed by growth-inhibition assay after
1 hr simultaneous exposure to GSH and the individual treatments: (A) suppression of GSH-induced growth inhibition in A2780 ovarian carcinoma cells by
catalase (CAT, 100 U/mL); (B) suppression of GSH-induced growth inhibition by dithiothreitol (DTT, 0.1 mM); (C) suppression of GSH-induced growth
inhibition by competitive inhibition of GGT activity with serine/boric acid complex (SBC, 1 mM). Data from [27], modified.

mediated extracellular GSH catabolism (Fig. 3). The anti-
proliferative effect of GSH in fact was reversed by catalase
and by dithiothreitol, indicating the occurrence of oxida-
tive phenomena resulting in the impairment of critical
cellular thiols. Treatment of cells with hydrogen peroxide
also resulted in growth inhibition in A2780 cells. The vy-
glutamyl acceptor gly-gly, a cofactor for GGT activity,
potentiated the growth-inhibitory effect of GSH, which in
contrast was decreased by the GGT inhibitors, serine/boric
acid complex and acivicin, indicating that the production
of reactive forms of oxygen, hydrogen peroxide in the fist
place, was mediated by cysteinyl-glycine produced during
GGT-mediated GSH hydrolysis [27].

To remark the complexity of the picture, however,
subsequent studies in U937 histiocytic lymphoma cells
also showed that a continuous GGT-dependent production
of H202 can provide tumor cells with a basal, “anti-
apoptotic” signal. Previous work had shown that mild
oxidative conditions can counteract apoptotic stimuli
[28]. Since the inhibition of GGT is a sufficient stimulus
for the induction of apoptosis in selected cell lines, we
investigated whether this effect might result from the
suppression of the mentioned GGT-dependent prooxidant
reactions, in the hypothesis that the latter may represent a
basal antiapoptotic and proliferative signal for the cell.
Experiments with U937 cells showed that: (i) GGT inhibi-
tion results in cell growth arrest, and induces cell death and
DNA fragmentation with the ladder appearance of apop-
tosis; (ii) treatment of cells with catalase is able to decrease
their proliferative rate; (iii) GGT inhibition (with suppres-
sion of H,O, production) results in a down-regulation of
poly(ADP-ribose) polymerase (PARP) activity, soon after
followed by the proteolytic cleavage of PARP molecule
itself, such as that typically induced by caspases [21]. In
conclusion, data indicate that the low H,O, levels originat-
ing as a by-product during GGT activity are capable to act
as sort of a ““life signal”” in U937 cells, insofar as they can
maintain cell proliferation and protect against apoptosis,
possibly through an up-regulation of PARP activity [21].

4. Molecular targets in the signal transduction chains

The described effects on the proliferative/apoptotic bal-
ance of cells imply the interaction of GSH/GGT-mediated
prooxidants with critical targets in the intracellular signal
transduction cascade, of which PARP is a first example.
Among several redox-sensitive targets, the transcription
factor NF-xB is perhaps the best known and studied [29].
Studies were thus aimed to verify the likely involvement of
NF-xB in redox changes consequent to GSH catabolism.
Using murine V79-GGT cells, highly expressing a human
GGT transgene, it was indeed shown that GGT-dependent
ROS production induces the NF-kB-binding and transac-
tivation activities. This induction mimicked the one
observed by H,O, and was inhibited by catalase, suggest-
ing the involvement of GSH/GGT-derived H,O, in the NF-
kB activation [30].

However, studies carried out in human tumor cells
showed that GSH/GGT-dependent modulation of NF-xB
activation status can be more complex that firstly appre-
ciated. Stimulation or inhibition of GGT activity in human
melanoma Me665/2/60 cells resulted in stimulation or
inhibition of NF-kB nuclear translocation, respectively
[22]. The increased nuclear translocation following stimu-
lation of GGT activity by the substrates glutathione and
gly-gly was, however, paradoxically accompanied by
decreased NF-xB DNA binding and gene transactivation
(Fig. 4). NF-xB DNA binding could be restored by treating
cell lysates with the thiol-reducing agent dithiothreitol (not
shown), indicating the involvement of critical thiol groups
by GSH/GGT-generated prooxidants. These observations
indicate that reactions ensuing from GSH catabolism—
while facilitating mobilization of NF-kB from cytoplasm
to the nucleus—can ultimately down-regulate NF-xB
DNA-binding and transcriptional activity, thus likely
representing a mechanism for preventing excess NF-xB
activation in conditions of persistent oxidative stress.

Besides NF-«kB, modulatory effects by prooxidants and/
or antioxidants have also been reported for AP-1 [31].
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Fig. 4. Effects of GGT activity on p65 nuclear translocation (A and B) and NF-xB DNA binding (B) in human melanoma Me665/2/60 cells. Cells were
incubated with GSH (200 uM) and gly-gly (2 mM) for GGT stimulation, in the presence or absence of the inhibitor SBC (10 mM). Translocation of p65 was
determined in nuclear extracts, analyzed by western blot using an anti-p65 monoclonal antibody and ECL for revelation. DNA binding was determined by
EMSA, using double-stranded biotin-labeled oligonucleotide probes and ECL for revelation. Quantification of ECL bands was obtained by densitometry.

Mean values of two to four experiments are shown.

Interestingly, c-Jun DNA binding activity was recently
shown to be redox-regulated through the reversible S-
thiolation of a critical cysteine residue [32]; the same
authors reported that the phenomenon could also involve
the pS0O component of NF-kB [33]. Studies in our labora-
tory have shown that the activation of GSH catabolism
through GGT results in increased AP-1 DNA binding.
Consistently, the GGT inhibitor acivicin suppressed this
effect, confirming the role of GGT-mediated GSH catabo-
lism. AP-1 DNA binding was suppressed also by the
independent GGT inhibitor azaserine, as well as by cata-
lase, Trolox C and deferoxamine, confirming that the effect
is mediated through GGT-dependent, iron-catalyzed, oxi-
dative mechanisms."

Parallel studies have been extended to verify the possi-
bility to detect oxidizing effects of GGT activity in specific
proteins of the cell surface. The GGT-dependent oxidation
and/or S-thiolation of accessible —SH groups of cell surface
proteins might easily involve the extracellular domains of
growth factor receptors, and this might induce conforma-
tional changes in their structure, thus potentially affecting
their function. Several studies have documented that oxi-
dative alteration of cysteines in receptor proteins can
modify their ligand binding affinity and activation status
[34-36]. It is therefore likely that the continuous flow of
GGT-derived prooxidants can modulate the function of
important growth factor receptors, as well as of receptors
for apoptogenic ligands. To date we have investigated this
aspect with the tumor necrosis factor receptor protein-1
(TNFR1), which is expressed at significant levels in mel-
anoma Me665/2/60 cells. In presence of stimulation or
inhibition of GGT activity, cells were reacted with cell-
impermeant, thiol-specific biotinylated probes. After

1 e . . .
Dominici et al., manuscript in preparation.

immuno-precipitation from cell lysates, TNFR1 protein
was separated by SDS—PAGE and blotted. On blots TNFR1
protein was identified by means of antibodies, while its
thiol redox status was revealed by means of streptavidin
and enhanced chemiluminescence. Preliminary results
indicate that the inhibition of GGT activity by two inde-
pendent specific inhibitors (acivicin, serine/boric acid
complex) indeed results in a marked increase of available
—SH groups in TNFR1 protein (see footnote 1).
Modulating effects of GSH catabolism can be documen-
ted at further levels, on further molecular targets. A
growing body of literature suggests that redox processes
can affect both protein kinase and protein phosphatase (PP)
activities [24,37]. Recent work on PPs has provided insight
into how these enzymes might ‘““sense” and transduce
redox or oxidative stress conditions. All tyrosine PPs have
a common active site, and a catalytic mechanism that
involves the formation of a transient phosphoenzyme
intermediate to the conserved cysteine residue [38]. The
latter likely provides the molecular basis for the inactivat-
ing effect produced on PPs by hydrogen peroxide and by
thiol-specific reagents. Modulating effect of redox reac-
tions are also known for serine—threonine PPs [37]. Thus,
the possibility exists that GGT-mediated prooxidant reac-
tions may play a modulatory role of the cell “PPase tone.”
In tumor cells expressing high GGT levels, this could be a
mechanism by which transduction of signals through the
kinase cascades is altered, with impairment of the cell
responses to appropriate growth or death signals. A first set
of experiments has been carried out to verify whether GGT-
dependent prooxidant reactions could affect protein phos-
phorylation in Me665/2/60 melanoma cells. Preliminary
results showed an increase of total phosphatase activity
after hydrogen peroxide and stimulation of GGT activity.
This phenomenon probably depended entirely on tyrosine-
phosphatases, as in fact their activity was increased by
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treatment with hydrogen peroxide—while, consistently,
protein phosphotyrosine levels were decreased. Conver-
sely, serine/treonine-phosphatase activities were decreased
after both hydrogen peroxide and GGT stimulation. As
observed in the case of NF-kB activation status, GGT
activity and hydrogen peroxide seem to exert their action
through the oxidation of critical thiols, since treatment with
dithiothreitol could reverse these effects.’

2 Pieri ef al., manuscript in preparation.

5. Concluding remarks

The experimental evidence obtained in our and other
laboratories allows to describe a novel aspect of glu-
tathione metabolism, i.e. the redox changes consequent
to its cleavage by GGT. With the mediation of iron—and
conceivably of other transition metals as well—GSH cat-
abolism leads to the generation of ROS and thiyl radicals,
whose prooxidant action is detectable on protein thiol
groups in the first place (Figs. 5 and 6). Such processes
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appear to involve a variety of cellular targets, including
important elements of the signal trasduction chains. As
GSH/GGT-dependent prooxidant reactions have been
described by now in several distinct conditions and experi-
mental models, these phenomena truly appear to represent
a general pathophysiological process, with possible bear-
ings on the understanding and treatment of several human
disease conditions.

Acknowledgments

The authors are indebted to the Associazione Italiana
Ricerca sul Cancro (AIRC, Milan, Italy) for its generous
financial support to the research presented in this report.

References

[1] Whitfield JB. Gamma glutamy] transferase. Crit Rev Clin Lab Sci
2001;38:263-355.

[2] Hanigan MH, Frierson Jr HF. Immunohistochemical detection of
gamma-glutamyl transpeptidase in normal human tissue. J Histochem
Cytochem 1996;44:1101-8.

[3] Tew KD, Monks A, Barone L, Rosser D, Akerman G, Montali JA,
Wheatmley JB, Schmidt Jr DE. Glutathione-associated enzymes in the
human cell lines of the National Cancer Institute Drug Screening
Program. Mol Pharmacol 1996;50:149-59.

[4] Dominici S, Valentini M, Maellaro E, Del Bello B, Paolicchi A,

Lorenzini E, Tongiani R, Comporti M, Pompella A. Redox modulation

of cell surface protein thiols in U937 lymphoma cells: the role of y-

glutamyl transpeptidase-dependent H,O, production and S-thiolation.

Free Radic Biol Med 1999;27:623-35.

Griffith OW, Meister A. Glutathione: interorgan translocation, turn-

over, and metabolism. Proc Natl Acad Sci USA 1979;76:5606-10.

Stark AA, Zeiger E, Pagano DA. Glutathione metabolism by y-

glutamy] transpeptidase leads to lipid peroxidation: characterization

of the system and relevance to hepatocarcinogenesis. Carcinogenesis
1993;14:183-9.

[7] Tien M, Bucher JR, Aust SD. Thiol-dependent lipid peroxidation.
Biochem Biophys Res Commun 1982;107:279-85.

[8] Spear N, Aust SD. Thiol-mediated NTA-Fe(III) reduction and lipid
peroxidation. Arch Biochem Biophys 1994;312:198-202.

[9] Paolicchi A, Minotti G, Tonarelli P, Tongiani R, De Cesare D, Mezzetti
A, Dominici S, Comporti M, Pompella A. Gamma-glutamyl trans-
peptidase-dependent iron reduction and low density lipoprotein oxi-
dation—a potential mechanism in atherosclerosis. J Invest Med
1999;47:151-60.

[10] Stark A-A, Pagano DA, Arad A, Siskindovitch S, Zeiger E. Effect of
pH on mutagenesis by thiols in Salmonella typhimurium TA102. Mutat
Res 1989;224:89-94.

[11] Minotti G. Sources and role of iron in lipid peroxidation. Chem Res
Toxicol 1993;6:134-46.

[12] Pompella A, Paolicchi A, Dominici S, Comporti M, Tongiani R.
Selective colocalization of lipid peroxidation and protein thiol loss
in chemically induced hepatic preneoplastic lesions: the role of
v-glutamyl transpeptidase activity. Histochem Cell Biol 1996;106:
275-82.

[13] Paolicchi A, Tongiani R, Tonarelli P, Comporti M, Pompella A.
Gamma-glutamyl transpeptidase-dependent lipid peroxidation in
isolated hepatocytes and HepG2 hepatoma cells. Free Radic Biol
Med 1997;22:853-60.

[5

—

[6

—

[14] Tate SS, Meister A. y-Glutamyl transpeptidase from kidney. Methods
Enzymol 1985;113:400-19.

[15] Lu SC, Sun WM, Jian Y, Ookhtens M, Sze G, Kaplowitz N. Role of
two recently cloned rat liver GSH transporters in the ubiquitous
transport of GSH in mammalian cells. J Clin Invest 1996;97:1488-
96.

[16] Forman HJ, Liu RM, Tian L. Glutathione cycling in oxidative stress.
Lung Biol Health Dis 1997;105:99-121.

[17] Hanigan MH, Ricketts WA. Extracellular glutathione is a souorce
of cysteine for cells that express gamma-glutamyl transpeptidase.
Biochemistry 1993;32:6302-6.

[18] Paolicchi A, Lorenzini E, Perego P, Supino R, Zunino F, Comporti
M, Pompella A. Extracellular thiol metabolism in clones of human
metastatic melanoma with different gamma-glutamyl transpeptidase
expression—implications for cell response to platinum-based drugs.
Int J Cancer 2002;97:740-5.

[19] Aust SD, Morehouse LA, Thomas CE. Role of metals in oxygen
radical reactions. Free Radic Biol Med 1985;1:3-25.

[20] Drozdz R, Parmentier C, Hachad H, Leroy P, Siest G, Wellman M.
Gamma-glutamyltransferase-dependent generation of reactive oxygen
species from a glutathione/transferrin system. Free Radic Biol Med
1998;25:786-92.

[21] Del Bello B, Paolicchi A, Comporti M, Pompella A, Maellaro E.
Hydrogen peroxide produced during gamma-glutamyl transpeptidase
activity is involved in prevention of apoptosis and maintainance
of proliferation in U937 cells. FASEB J 1999;13:69-79.

[22] Maellaro E, Dominici S, Del Bello B, Valentini MA, Pieri L, Perego P,

Supino R, Zunino F, Lorenzini E, Paolicchi A, Comporti M, Pompella

A. Membrane gamma-glutamyl transpeptidase activity of melanoma

cells: effects on cellular H,O, production, cell surface protein thiol

oxidation and NF-kB activation status. J Cell Sci 2000;113:

2671-8.

Halliwell B, Gutteridge JMC. Free radicals in biology and medicine.

Oxford: Oxford University Press, 1999.

[24] Monteiro HP, Stern A. Redox modulation of tyrosine phosphorylation-
dependent signal transduction pathways. Free Radic Biol Med
1996;21:323-33.

[25] Lander HM. An essential role for free radicals and derived species in
signal transduction. FASEB J 1997;11:118-24.

[26] Sen ChK. Redox signaling and the emerging therapeutic potential of
thiol antioxidants. Biochem Pharmacol 1998;55:1747-58.

[27] Perego P, Paolicchi A, Pompella A, Carenini N, Romanelli S, Zunino
F. The cell-specific antiproliferative effect of reduced glutathione is
mediated by gamma-glutamyl transpeptidase-dependent extracellular
prooxidant reactions. Int J Cancer 1997;71:246-50.

[28] Maellaro E, Del Bello B, Comporti M. Protection by ascorbate against
apoptosis of thymocytes: implications of ascorbate-induced nonlethal
oxidative stress and poly(ADP-ribosyl)ation. Exp Cell Res
1996;226:105-13.

[29] Flohé L, Brigelius-Flohé R, Saliou C, Traber MG, Packer L. Redox
regulation of NF-kappaB activation. Free Radic Biol Med 1997;22:
1115-26.

[30] Accaoui MJ, Enoiu M, Mergny M, Masson C, Dominici S, Wellman
M, Visvikis A. Gamma-glutamyltranspeptidase-dependent glu-
tathione catabolism results in activation of NF-kB. Biochem Biophys
Res Commun 2000;276:1062-7.

[31] Meyer M, Schreck R, Baeuerle PA. H,O, and antioxidants have
opposite effects on activation of NF-kappaB and AP-1 in intact cells:
AP-1 as a secondary antioxidant-responsive factor. EMBO J 1993;
12:2005-15.

[32] Klatt P, Molina EP, De Lacoba MG, Padilla CA, Martinez-Galesteo E,
Barcena JA, Lamas S. Redox regulation of c-Jun DNA binding by
reversible S-glutathiolation. FASEB J 1999;13:1481-90.

[33] Klatt P, Lamas S. Regulation of protein function by S-glutathiolation
in response to oxidative and nitrosative stress. Eur J Biochem
2000;267:4928-44.

[23



A. Paolicchi et al./Biochemical Pharmacology 64 (2002) 1027-1035 1035

[34] Schmid E, El Benna J, Galter D, Klein G, Droge W. Redox priming of
the insulin receptor B-chain associated with altered tyrosine kinase
activity and insulin responsiveness in the absence of tyrosine autopho-
sphorylation. FASEB J 1998;12:863-70.

[35] Peus D, Meves A, Vasa RA, Beyerle A, O’Brien T, Pittelkow MR. H,O,
is required for UVB-induced EGF receptor and downstream signaling
pathway activation. Free Radic Biol Med 1999;27:1197-202.

[36] de Wit R, Capello A, Boonstra J, Verkleij AJ, Post JA. Hydrogen
peroxide inhibits epidermal growth factor receptor internalization in
human fibroblasts. Free Radic Biol Med 2000;28:28-38.

[37] Rusnak F, Reiter T. Sensing electrons: protein phosphatase redox
regulation. Trends Biochem Sci 2000;25:527-9.

[38] Denu JM, Dixon JE. Protein tyrosine phosphatases: mechanisms of
catalysis and regulation. Curr Opin Chem Biol 1998;2:633—41.



	Glutathione catabolism as a signaling mechanism
	GSH, GGT and iron reduction
	GSH/GGT-dependent prooxidants and the redox status of protein thiols
	Effects on the cellular proliferation/apoptosis balance
	Molecular targets in the signal transduction chains
	Concluding remarks
	Acknowledgements
	References


