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Abstract
Changes in the intracellular redox environment of cells have been reported to be critical for the
activation of apoptotic enzymes and the progression of programmed cell death. Glutathione (GSH)
depletion is an early hallmark observed in apoptosis, and we have demonstrated that GSH efflux
during death receptor-mediated apoptosis occurs via a GSH transporter. We now evaluate the
relationship between GSH depletion, the generation of reactive oxygen species (ROS), and the
progression of apoptosis. Simultaneous single cell analysis of changes in GSH content and ROS
formation by multiparametric FACS revealed that loss of intracellular GSH was paralleled by the
generation of different ROS including hydrogen peroxide, superoxide anion, hydroxyl radical, and
lipid peroxides. However, inhibition of ROS formation by a variety of antioxidants showed that GSH
loss was independent from the generation of ROS. Furthermore, GSH depletion was observed to be
necessary for ROS generation. Interestingly, high extracellular thiol concentration (GSH and N-
acetyl-cysteine) inhibited apoptosis, whereas, inhibition of ROS generation by antioxidants was
ineffective in preventing cell death. Finally, GSH depletion was shown to be a necessary for the
progression of apoptosis activated by both extrinsic and intrinsic signaling pathways. These results
document a necessary and critical role for GSH loss in apoptosis and clearly uncouple for the first
time GSH depletion from ROS formation.

Apoptosis or programmed cell death is a ubiquitous, evolutionary conserved process. Under
physiological conditions it is important not only in the turnover of cells in all tissues, but also
during the normal development and senescence of the organism. Moreover, its deregulation
has been observed to occur as either a cause or consequence of distinct pathologies (1,2). For
example, apoptosis mediated by Fas ligand (FasL)3 receptor (Fas/CD95/Apo-1) activation is
necessary for the immune system homeostasis because of its role in the rapid clearance of
immunoreactive T cells maintaining the immune balance and reducing the risk of autoimmune
diseases (3). Apoptosis is a highly organized process characterized by the progressive
activation of precise pathways leading to specific biochemical and morphological alterations.
Initial stages of apoptosis are characterized by reactive oxygen species formation, changes in
intracellular ionic homeostasis, cell shrinkage, loss of membrane lipid asymmetry, and
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chromatin condensation. Later stages associated with the execution phase of apoptosis are
characterized by activation of execution caspases and endonucleases, apoptotic body
formation, and cell fragmentation (1,4,5).

Apoptosis has been widely reported to be modulated by changes in the redox status of the cell;
however, the precise mechanisms involved are still unclear (6,7). Reduced glutathione (GSH)
is the most abundant low molecular weight thiol in animal cells and is involved in many cellular
processes including antioxidant defense, drug detoxification, cell signaling, and cell
proliferation (8,9). In addition, alterations in its concentration have been demonstrated as a
common feature of many pathological situations including AIDS, neurodegenerative diseases,
and cancer (9,10). Intracellular GSH loss is an early hallmark in the progression of cell death
in response to different apoptotic stimuli (11–14), and has been associated with the activation
of a plasma membrane transport mechanism rather than to its oxidation (11–13,15–17).
Furthermore, several studies have shown a correlation between cellular GSH depletion and the
progression of apoptosis (12,13). Additionally, high GSH levels have also been associated with
an apoptotic resistant phenotype in different cells (18–21). We have recently shown that Fas
ligand (FasL)-induced GSH efflux is mediated by its extrusion across the plasma membrane
in lymphoid cells with characteristics of GSH/organic anion transporter (13); however, the
mechanisms involved in the regulation of apoptosis by changes in intracellular GSH are not
completely understood.

Because of its action as a primary intracellular antioxidant in the cells, a reduction in the
intracellular glutathione content has primarily been thought to reflect the generation of reactive
species of oxygen (ROS) and nitrogen (RNS) (6,7). Although, the role of ROS in apoptosis
has been extensively studied (6,7), contradictory results including both inhibitory and
stimulatory effects of ROS on apoptosis have been reported. For example, induction of
apoptosis by activation of the Fas receptor has been suggested to be dependent on the generation
of H2O2 formation (20,22–26), while other studies report an inhibitory role of H2O2 on Fas-
mediated cell death (27–29).

In the present work, we evaluate the relationship between GSH depletion, ROS generation,
and their respective roles in apoptosis at the single cell level. We present evidence that clearly
uncouples for the first time the role of GSH depletion in apoptosis from the generation of ROS.
Furthermore, we demonstrate that changes in GSH content are necessary for apoptosis to occur.
In contrast increases in ROS did not modulate apoptotic cell death. Our data suggest an
important role for changes in intracellular GSH content in the activation of programmed cell
death independent from increases in ROS formation.

EXPERIMENTAL PROCEDURES
Reagents

RPMI 1640, penicillin/streptomycin, heat-inactivated fetal calf serum, sodium pyruvate and
were from Invitrogen. MK571 was purchased from BioMol (Plymouth, PA). N-Acetyl-L-
cysteine (NAC), deferoxamine mesylate (also known as desferrioxamine or desferroxamine),
ebselen, diphenylene-iodonium (DPI), catalase (bovine liver), Mn-TBAP (Mn(III)tetrakis(4-
benzoic acid) porphyrin chloride), MnTE-2-PyP (manganese(III)-5,10,15,20-tetrakis(N-
ethylpyridinium-2-yl) porphyrin pentachloride), and trolox were from Calbiochem/EMD
Biosciences Inc. (San Diego, CA). Mono-chlorobimane (mBCl), dihydrorhodamine 123
(DHR), 3″-(p-hydroxyphenyl) fluorescein (HPF), dihydroethidium (DHE), 4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-inda-cene-3-propio-nyl ethylenediamine hydrochloride
(BODIPY® FL EDA), cis-parinaric acid (CsPA), DAF-FM, carboxy-PTIO, TOTO-3, and
Singlet Oxygen Sensor Green were from Molecular Probes Inc. (Eugene, OR). Cytofix/
cytoperm kit, and the monoclonal antibodies FITC-conjugated anti-active caspase 3, and PE-
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conjugated anti-poly(ADP-ribose) polymerase (PARP) cleaved site-specific were from BD
Biosciences (San Diego, CA). Anti-cleaved caspase 3, anti-caspase-3, anti-caspase-6, anti-
caspase-7, anti-PARP, and anti-α-fodrin antibodies were from Cell Signaling Technology Inc
(Beverly, MA). All other reagents were from Sigma/Aldrich.

Cell Culture and Media
Jurkat cells, E6.1 clone (human leukemia) were obtained from American Tissue Culture
Collection (Manassas, VA). Cells were cultured in RPMI 1640 medium containing 10% heat-
inactivated fetal calf serum, 2 mM glutamine, 31 mg/liter penicillin, and 50 mg/liter
streptomycin at 37 °C, 7% CO2 atmosphere. Apoptosis was induced by incubating cells (5–7
× 105 cells/ml) at 37 °C, 7% CO2 for the time indicated with either human recombinant FasL
(Kamiya Biomedical Co.), cycloheximide, etoposide or treatment with ultraviolet C light
(UVC) light in a UV Stratalinker 1800 (Stratagene). In media containing high GSH (+GSH)
or NAC (+NAC), NaCl was substituted with 25 mM L-glutathione or 10 mM NAC, maintaining
the same osmolarity of the media. Media osmolarity was measured on a Wescor 5500 vapor
pressure osmometer (Logan, UT).

Fluorescence-activated Cell Sorting (FACS)
Apoptotic parameters were analyzed by FACS, using a BD LSR II flow cytometer and BD
FACSDiva Software (Becton Dickinson, San Jose, CA) for data analysis. Samples were
analyzed and in all cases 1 × 104 cells were recorded. Fluorophores were diluted in Me2SO or
dimethylformamide (DMF) and preloaded just prior to FACS analysis and incubated at 37 °
C, 7% CO2 in cell culture medium, unless otherwise indicated. Control cells were incubated
with vehicles, which never exceed 0.1% in the final concentration. Propidium iodide (PI) was
added to a final concentration of 10 µg/ml just prior to FACS analysis and analyzed for FL-2
(488 excitation, 575/26 emission). Sequential analysis of the distinct fluorophores was used
and cells with increased PI fluorescence (loss of membrane integrity) were excluded during
the analysis. Cell debris or fragments were gated out from the analysis on a forward scatter/
side scatter plot. The appearance of discrete cell populations was identified as described
previously (13). Briefly, gates were set on dot plots of the respective dye-fluorescence
versus forward scatter, and then represented accordingly. Changes in the biochemical
parameters during apoptosis are observed as changes in the normal distribution of the
population of cells with differences in the mean fluorescence intensity for the distinct
fluorescent reporters used, compared with control cells in the absence of stimuli and were
determined as follows.

Changes in Intracellular Glutathione Content, GSHi
For intracellular GSH determinations, cells were preloaded for 15 min with 10 µM mBCl, which
forms blue fluorescent adducts with intracellular glutathione (30). Immediately prior to flow
cytometry examination, PI was added. For mBCl, cells were excited with a Violet (UV) 405
nm laser, and emission was acquired with a 440/40 filter. Changes in the GSHi are reflected
by the appearance of populations of cells with differences in mBCl fluorescence, reflecting
changes in GSHi. Populations were gated as previously described (13). Briefly, contour plots
of mBCl fluorescence versus forward scatter were used to identify populations of cells with
different GSHi levels induced after FasL treatment. Three different cell populations were
identified and represented independently.

Detection of Reactive Oxygen Species (ROS)
Hydrogen peroxide formation was detected using nonfluorescent DHR, which after its
oxidation by H2O2 in the presence of peroxidases, or Fe2+ results in cationic rhodamine (31).
Hydroxyl radical (•OH−) formation was analyzed using HPF, which is essentially
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nonfluorescent until it reacts with •OH yielding a bright green fluorescent compound (32).
Nitric oxide (NO) detection was performed using DAF-FM diacetate (4-amino-5-methyl-
amino-2′,7′-difluorofluorescein diacetate). After its cleavage by intracellular esterases, DAF
is nonfluorescent until it reacts with the spontaneous oxidation product of nitric oxide,
nitrosonium cation, to form a fluorescent heterocycle benzotrizole that is trapped in the cytosol.
Cells were preloaded for 30 min with 5 µM of either DHR, HPF, or DAF-FM and analyzed for
FL1 (488 excitation, 530/30 emission).

Generation of lipid peroxides (LPO) was assessed using BODIPY® FL EDA, which upon
interaction with peroxyl radicals looses its fluorescence; and also by fluorescence quenching
of the fatty acid analog CsPA (33). Cells were equilibrated with either 5 µM BODIPY® FL
EDA or 1.5 µM CsPA for 30 min. Then, cells were washed and resuspended in fresh medium
before apoptosis induction. BODIPY® FL EDA was analyzed in FL-1 and CsPA was analyzed
at 325/355 nm (ex) and 440/40 (em). Superoxide anion ( ) formation was detected using
DHE, which after its oxidization to ethidium by , it intercalates within the DNA and exhibits
bright red fluorescence (34). Cells were preloaded for 30 min with 5 µM DHE, and changes in
its fluorescence were detected in FL-2. For DHE analysis, TOTO-3 dye was added to the
samples instead of PI and analyzed at 633 excitation and 660/20 emission to assessed loss of
membrane integrity.

Caspase 3 and PARP Cleavage Analysis by FACS
Simultaneous analysis of the cleavage of caspase 3 and PARP was performed as previously
described (13). Briefly, cells were washed with phosphate-buffered saline (PBS), then fixed
and permeabilized using the Cytofix/Cytoperm kit for 30 min at room temperature in the dark
according to the manufacturer’s specifications. Cells were then pelleted and washed with the
Perm/Wash buffer and stained for 1 h at room temperature in the dark with FITC-conjugated
anti-active caspase 3 or PE-conjugated anti-PARP cleavage site-specific. Following
incubation, cells were washed with the Perm Wash buffer and analyzed by flow cytometry. PE
and FITC fluorescence were examined using an Argon 488 laser with 575/26 and 530/30 filters,
respectively.

Analysis of Plasma Membrane Lipid Symmetry
Changes in the phosphatidylserine symmetry were determined using annexin V conjugated to
FITC (Trevigen, Gaithersburg, MD). Briefly, 5 × 105 control or treated cells, initially washed
in PBS, were incubated with 1 µl of annexin-FITC and PI for 15 min at room temperature
according to the manufacturer’s instructions. Annexin-FITC/PI-stained samples were diluted
in 400 µl of 1× annexin binding buffer and examined immediately by FACS. FITC fluorescence
was analyzed on FL1. Early apoptotic cells are defined as having annexin positive, propidium
iodide negative staining. Late apoptotic and non-viable cells are both annexin and propidium
iodide-positive.

Differential Interference Contrast (DIC) Microscopy
A Zeiss LSM 510 microscope (One Zeiss Drive, Thornwood, NY) was used to obtain DIC
images. Cells were prestained for 30 min at 37 °C and 5% CO2 with 5 µg/ml of Hoechst 33342
and then washed with fresh culture media. Hoechst-stained cells were examined with a Plan-
Apo 63 × oil N.A. = 1.4 objective lens to obtain simultaneous DIC and UV images. Hoechst
was excited at 390 nm with a Titanium Sapphire 750 nm laser, and emission was collected
with a BP 465 filter. Images were analyzed with LSM 5 image browser software.
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Extracellular GSH and GSSG Determinations
Extracellular GSH determinations were performed as described in Ref. 13 with minor
modifications to improve GSH recovery. Experiments were performed in Hanks’ balanced salt
solution (SIGMA/Aldrich). Cells were incubated with 250 µM L-(αS,5S)-α-amino-3-chloro-4,5-
dihydro-5-isoxazoleacetic acid (acivicin) for 1 h, to inhibit catabolism-released GSH by the
γ-glutamyltransferase (GGT). Then, cells (2 × 107 cells/ml) were induced to undergo apoptosis
with FasL. This allowed an improved recovery of accumulated extracellular GSH. Acivicin
was present throughout the experiment. Samples were centrifuged, and aliquots were taken for
extracellular determinations. Pellets were resuspended in ice-cold phosphate-buffered saline,
homogenized, and kept frozen until use for protein determinations. The extracellular GSH and
GSSG concentrations were measured enzymatically using the GSH/GSSG-412 kit (Oxis
Research, Portland, OR). Samples were prepared in 5% metaphosphoric acid to remove
proteins, with or without 1-methyl-2-vinyl-pyridium trifluoromethane sulfonate, a GSH-
specific scavenger. Ellman’s reagent (5′,5-dithiobis-2-nitrobenzoic acid) reacts with GSH to
form a product with an absorption maximum at 412 nm. GSSG was determined using
glutathione reductase and β-nicotinamide adenine dinucleotide phosphate (NADPH) to reduce
GSSG to GSH followed by reaction with Ellman’s reagent. Results are normalized to protein
concentration for each sample.

[³H]GSH Uptake Assays
Apoptosis was induced in the presence of 1 µCi of [³H] GSH ([glycine-2-³H]glutathione, 1.53
TBq/mmol, Perkin Elmer, Boston, MA). The experiments were done in the presence of 250
µM acivicin and 1 mM BSO (DL-buthionine-(S,R)-sulfoximine) to inhibit both GSH catabolism
and de novo synthesis, respectively. At the indicated time, cells were separated from the
medium by filtering through a glass micro-fiber filter (Whatman). Filters were washed with
ice-cold PBS. Then, the filter was dried and placed in a scintillation vial containing 10 ml of
Ecolite (ICN Radiochemicals, Costa Mesa, CA). The radioactivity was counted in a LS6500
scintillation counter (Beckman Coulter, Fullerton, CA). Results are expressed as the
radioactivity incorporated (dpm) normalized to protein concentration.

Protein Extraction and Western Immunoblotting
Cells were pelleted, washed once with ice-cold PBS, and lysed in buffer containing 20 mM Tris-
HCl, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, and protease inhibitors
(Complete Mini protease mixture, Roche). Samples were sonicated, centrifuged, and the pellets
discarded. Then, samples were assayed in a Beckman DU650 spectrophotometer for protein
concentration using Bio-Rad protein assay, and cell extracts were normalized to equal protein
concentration. Loading buffer containing glycerol, sodium dodecyl sulfate (SDS), and
bromphenol blue was added, and samples were denatured at 99 °C for 5 min. Protein extracts,
50 µg/sample, were separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 4–20%
gradient polyacrylamide Tris/glycine gels (Novex, Invitrogen, CA) and transferred to
nitrocellulose. Membranes were blocked in Tris-buffered saline (TBS) containing 0.1% Tween
and 10% nonfat dry milk for 1 h. Antibodies were diluted in TBS containing 0.1% Tween and
5% nonfat dry milk. Blots were incubated with the corresponding primary antibody (1:1000)
overnight. Then, blots were incubated for 1 h with the corresponding horseradish peroxidase-
linked secondary antibodies (Amersham Biosciences) diluted 1:10,000 in TBS containing
0.05% Tween, and 0.5% nonfat dry milk. Blots were then visualized on film with the ECL
chemiluminescent system (Amersham Biosciences). Blots were subsequently stripped using
65 mM Tris-HCl, pH 6.7, 100 mM β-mercaptoethanol, 2% SDS buffer, and reprobed with distinct
antibodies. To verify equal protein loading, blots were also reprobed with anti-α-tubulin
antibody.
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Statistical Analysis
When indicated, significance of differences in mean values were calculated using the two-
tailed Student’s t test. The number of experiments is indicated in each case in the legends of
the figures.

RESULTS
FasL-induced GSH Loss Is Independent of, but Necessary for, the Generation of ROS

Glutathione depletion is a common phenomenon during apoptosis (11–14). Most studies
suggest that GSH depletion during apoptosis is an indicator for ROS formation and oxidative
stress. Such findings have led to the widespread assumption that GSH depletion is a byproduct
of the apoptotic process; and that ROS formation and GSH depletion in apoptosis are coupled
together as cause and consequence phenomena (6,7,35). However, we and others (11–13,15,
16) have demonstrated that GSH loss is mediated by the activation of a specific efflux pump.
Triggering apoptosis induces the formation of ROS and RNS (6,7,35). Thus, we sought to
investigate the relationship between GSH depletion and ROS formation in FasL-induced
apoptosis in Jurkat cells. Because of the stochastic nature of apoptosis, multiparametric flow
cytometry (FACS) was used because it allows us to identify the appearance of discrete
populations of cells at different stages in apoptosis and to analyze them at the single cell level.
Such analysis is not possible with conventional bulk biochemical assays. Fig. 1 (histograms)
shows that FasL induced a dose-dependent generation of several ROS forms including H2O2
(Fig. 1A), superoxide anion  (Fig. 1B), hydroxyl radical •OH (Fig. 1C). We also detected
lipid peroxide (LPO) formation (Fig. 1D), observed as a loss of BODIPY FL-EDA-
fluorescence because of its oxidation. Simultaneous analysis of changes in GSH content and
ROS demonstrate that ROS formation was concomitant with GSH depletion (Fig. 1, A–D,
contour plots). To detect the generation of H2O2 we used DHR, which has proved to be a more
stable dye for H2O2 detection (32,36). Although DHR can also be oxidized by peroxynitrite
(OONO−) (31), ebselen (10–100 µM), a cell permeable scavenger of OONO−, did not inhibit
DHR oxidation during FasL-induced apoptosis, suggesting that changes in DHR reflect
changes in H2O2 content. We did not detect singlet oxygen (¹O2) (assessed with the Singlet
Oxygen Sensor Green dye), or nitric oxide (NO) (analyzed using the nitric oxide dye DAF-
FM) formation during FasL-induced apoptosis (data not shown). Reactive oxygen species
generation occurred in all cases, prior to the loss of membrane integrity assessed by changes
in PI fluorescence.

We next analyzed the role of ROS on the modulation of GSH depletion by the use of a variety
of antioxidants (Fig. 2, A–C). Hydrogen peroxide formation induced by FasL was prevented
in the presence of pyruvate (Fig. 2A, upper panels), which acts as a potent intracellular
scavenger for H2O2 (37–39). Superoxide anion formation was drastically reduced by the cell
permeable manganic-porphyrins MnTE-2-PyP (Fig. 2B, upper panels) and MnTBAP, which
act as a superoxide dismutase (SOD) mimic, but not by the inhibitor of the NADPH oxidase,
DPI (50 µM) (data not shown). In addition, dimethyl sulfoxide, which quenches •OH to form
the stable nonradical compound methanosulfinic acid, significantly decreased •OH− formation
(Fig. 2C, upper panels). Finally, supplementation of cells with trolox, a cell-permeable vitamin
E analog, which is known to be a potent lipophilic scavenger of lipid peroxides, prevented LPO
formation (Fig. 2D, upper panels). Similar results were also observed when we used CsPA to
analyze LPO formation (data not shown). Reduced glutathione has been reported to scavenge
directly or indirectly many of these and other ROS forms. However, scavenging of the ROS
generated upon Fas activation by these antioxidants, did not significantly affect GSH depletion
(Fig. 2, A–D, lower panels) corroborating that GSH depletion is not related to its oxidation.
As reported previously, supplementation with trolox, significantly reduced cellular GSH
content (40) (Fig. 2D).
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The studies described above led us to consider: 1) whether GSH depletion was required for
ROS formation; and 2) whether ROS subsequently mediated the reported regulatory effects of
GSH depletion in apoptosis. Our previous study demonstrated that GSH loss during FasL-
induced apoptosis is prevented by decreasing the electrochemical gradient of GSH across the
plasma membrane with high extracellular GSH medium (13). High extracellular GSH medium
significantly reduced the generation of all ROS formed during FasL stimuli (Fig. 3). A
comparable degree of prevention of ROS formation was observed in the presence of NAC, a
thiol dipeptide that replenishes intracellular GSH content. These data strongly indicate that
GSH depletion is necessary for ROS generation and that this depletion precedes cellular
oxidative stress. We have previously demonstrated that MK571 is a potent stimulator of GSH
depletion during apoptosis (13). Fig. 4 shows that stimulation of GSH loss by MK571 was
paralleled by an increase in oxidative stress measured by an increase in the levels of . These
data suggest that GSH depletion regulates oxidative stress during apoptosis.

Reactive Oxygen Species Generation Is a Bystander Phenomenon That Does Not Regulate
FasL-induced Apoptosis in Jurkat Cells

We have recently demonstrated that GSH depletion is necessary for the activation of the
execution phase of apoptosis (13). The role of ROS in apoptosis has been largely implicated
by the use of agents that by themselves stimulate ROS formation. However, the involvement
of ROS in apoptosis induced by physiological stimuli remains controversial (41). Because we
observed that GSH depletion preceded ROS formation, we sought to determine if ROS
modulates apoptosis induced by FasL. Fig. 5A shows that FasL-induced apoptosis, measured
by phosphatidyl externalization and loss of plasma membrane integrity (cell viability), was not
affected in the presence of any of the antioxidants demonstrated to inhibit ROS formation.
Similarly, FasL induced cleavage of caspase 3 and PARP simultaneously analyzed by FACS,
as well as other morphological parameters of apoptosis including nuclear condensation, plasma
membrane blebbing, and cellular fragmentation were not affected by the non-thiol antioxidants
tested (Fig. 5, B and C). To evaluate the possibility that quenching one ROS is compensated
by other ROS formed, and so their possible role on GSH loss and apoptosis is underestimated,
we assessed the effect of an antioxidant mixture (ANT-CK), which contained pyruvate,
MnTE-2-PyP, Me2SO, and trolox at the concentrations used to individually quench each ROS,
on apoptosis induced by Fas activation. The ANT-CK did not prevented the appearance of any
of the apoptotic markers examined (Fig. 5). We also analyzed the effect of other antioxidants
for distinct ROS and RNS. Singlet oxygen is another highly reactive free radical, which acts
as a common intermediate in a range of biological systems exposed to oxidative stress.
Moreover, singlet oxygen has shown to be generated in other biological processes that do not
involve light (42). The RNS, NO, and OONO− have also been reported to act as important
modulators of apoptosis (43,44). Neither the antioxidants for NO and OONO−, carboxy-PTIO
(100 µM), and ebselen (10–100 µM), nor the ¹O2 scavenger, sodium azide (NaN3, 10 mM), had
an effect on FasL-induced GSH loss and apoptosis when used alone or in combination with
the ANT-CK (data not shown). Thus, FasL-induced apoptosis in Jurkat cells is clearly
independent from increases in ROS formation.

Previous studies have reported a protective effect of several other antioxidants such as catalase
and deferoxamine on apoptosis induced by Fas activation (22,25,45). However, little
effectiveness of these antioxidants was observed in our experimental model. Fig. 6, A and B
shows that catalase and deferoxamine do not scavenge the increase in H2O2 and •OH−

formation induced by FasL. Moreover, they did not prevent GSH depletion and apoptosis under
the same conditions (Fig. 6, A–D). The lack of effect of these antioxidants in our system,
particularly on the scavenging of ROS, is more consistent with a limited cell permeability of
these agents. Catalase (a 240-kDa enzyme that catalyzes H2O2 to water and oxygen) does not
permeate the cells unless plasma membrane integrity is compromised. Similarly, deferoxamine
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is a lysosomotropic iron chelator, which has been demonstrated to be impermeable to the
plasma membrane and if internalized, has been shown to be uptaken by endocytosis and
exclusively localized in the cells at the lysosome compartment (46–48). This discrepancy likely
relies on the different cell types used (22,25,45). Medan et al. (25) reported that when they
used macrophages, catalase and deferoxamine efficiently scavenge ROS and prevent apoptosis
induced by Fas activation. This is probably ascribed to the phagocytic potential of macrophages
that might efficiently accumulate these antioxidants. In our studies, we used pyruvate that has
been reported be actively uptaken by monocarboxylate transporters by cells and to act as a
potent intracellular scavenger for H2O2 (37–39). Similarly, dimethyl sulfoxide freely
permeates the plasma membrane and directly quenches •OH−. Other antioxidants tested here,
such as a superoxide dismutase mimic (MnTBAP) and vitamin E (trolox), to scavenge  and
LPO, were also used in their cell-permeable form to ensure effective ROS scavenging as shown
in Fig. 2.

Glutathione Transport Regulates Apoptosis Induced by Multiple Stimuli
We and others (11–13,15) have recently shown that the reduction in the GSH content during
apoptosis in Jurkat cells is mediated through the activation of an efflux transport mechanism
rather than due to its oxidation to GSSG or to the loss of membrane integrity. We recently
showed that this transport is stimulated by distinct agents including MK571 and is inhibited
by high extracellular GSH concentrations. Fig. 7A shows that indeed, FasL-induced GSH
depletion is stimulated by MK571 and prevented by high GSH medium. The same stimulatory
effects are observed by other OA− substrates including taurocholic acid and estrone sulfate
(data not shown). We have previously demonstrated that MK571 is a more potent stimulator
of GSH depletion during apoptosis (13). In accordance with our previous work (13), FasL-
induced extracellular GSH accumulation was significantly stimulated by MK571 (Fig. 7B). A
slight, but significant accumulation of oxidized GSH in its disulfide form (GSSG) was also
detected extracellularly, which might be ascribed to GSH oxidation after its release.

We next evaluated whether GSH efflux and depletion is a necessary for the progression of
apoptosis induced by different apoptotic stimuli known to activate cell death via distinct
signaling pathways. Fig. 8A shows that FasL-induced apoptosis observed as phosphatidylserine
externalization (Fig. 8A), nuclei condensation, plasma membrane blebbing, and cell
fragmentation (Fig. 8B), was prevented by inhibition of GSH depletion by high extracellular
GSH. In contrast, stimulation of GSH depletion with MK571 accelerated the progression of
cell death. Additionally, high extracellular GSH medium prevented apoptosis induced by other
stimuli including stress (UVC radiation), impairment of protein synthesis (cycloheximide),
and inhibition of topoisomerase II (etoposide) (Fig. 8C). Together these results suggest that
the regulation of cell death progression by changes in GSH content is a common component
of apoptosis induced by a variety of signals that activate both intrinsic and extrinsic pathways
of cell death.

N-Acetyl-cysteine is a derivative of the sulfur-containing amino acid cysteine and an
intermediary (along with glutamic acid and glycine) in the conversion of cysteine to GSH.
NAC is thought to be transported into the cell directly where it is hydrolyzed to cysteine before
it serves as a precursor for GSH formation. In the presence of NAC, FasL-induced GSH
depletion was prevented (Fig. 9A). Replenishing of the intracellular GSH pools with the thiol
dipeptide NAC also protected Jurkat cell from apoptosis induced by FasL analyzed by
phosphatidyl-serine externalization (Fig. 9B); nuclei condensation, plasma membrane
blebbing, and cell fragmentation (Fig. 9D); and cleavage of execution caspases 3,6, and 7 and
of their substrates PARP and α-fodrin (Fig. 9, C and E). Moreover, the enhancement of
apoptosis by MK571-induced stimulation of GSH depletion was fully prevented by NAC (Fig.
9).
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It is still controversial how extracellular GSH influences cellular redox state. In contrast to
NAC, GSH is thought to be taken up poorly by cells, and thus it only serves to provide
constituent amino acids. Indeed, GSH has to be broken down into its constituent amino acids,
transported into the cell, and then resynthesized de novo catalyzed by the activity of the γ-
glutamylcysteine synthetase (γ-GCS). We next studied the mechanism for extracellular GSH
to maintain the level of intracellular GSH and reduce Fas-mediated apoptosis. To asses the role
of de novo synthesis of GSH in this process, we evaluated the protective effect of high
extracellular GSH in the presence of BSO, an inhibitor of the γ-GCS. A 24-h treatment with
BSO significantly depletes cells of intracellular GSH (−GSH) (Fig. 10A). When GSH-depleted
cells were preincubated with high GSH medium the intracellular GSH pool is significantly
replenished after 4 h, even with persistent inhibition of de novo GSH synthesis pathway with
BSO. Fig. 10B shows that high extracellular GSH stimulates an active uptake of radiolabeled
[³H]GSH in the presence of BSO. These results suggest that high extracellular GSH is able to
replenish the intracellular GSH pool without the involvement of de novo synthesis; thus,
suggesting an influx of extracellular GSH. Finally, high extracellular GSH was still able to
prevent FasL-induced GSH depletion (Fig. 10C) and apoptosis induced by FasL, analyzed by
phosphatidylserine externalization (Fig. 10D); cleavage of execution caspases 3 and PARP
(Fig. 10E); and nuclei chromatin condensation, plasma membrane blebbing, and cell
fragmentation (Fig. 10E), even when GSH de novo synthesis was inhibited by BSO. These
results suggest that high GSH concentrations might protect against apoptosis by reversing GSH
efflux transport and not by replenishing GSH pools via de novo synthesis.

DISCUSSION
The redox environment of the cells has been suggested to be important in the control of
apoptosis. Small thiols, including glutathione are viewed as protective antioxidants acting as
free radical scavengers in response to oxidative damage; thus, being important players in the
redox balance of the cell. Glutathione depletion has been shown to occur in apoptosis induced
by a wide variety of stimuli, and has been shown mediated by its extrusion and not its oxidation
(11–17). Glutathione depletion has been shown to directly modulate both the permeability
transition pore formation, and the activation of execution caspases (13,49–54). In vitro studies
have also shown that a reduction in the GSHi is necessary for the formation of the apoptosome
(23). We recently demonstrated that GSH depletion during FasL-induced apoptosis is mediated
by its extrusion through the activation of a plasma membrane GSH transport mechanism. In
addition we demonstrated that GSH efflux is necessary for the activation of the execution phase
of FasL-induced apoptosis (13). However, the precise mechanism by which GSH loss regulates
apoptosis remains unclear. Because GSH depletion and ROS generation are both phenomena
largely thought to be correlated, we sought to clarify the relationship between ROS and GSH
depletion during FasL-induced apoptosis. Here, we present evidence that shows not only that
GSH depletion is independent of ROS generation, but that ROS formation is most likely a
bystander phenomenon in the progression of FasL-induced apoptosis in lymphoid cells. We
propose that thiol regulation of apoptosis is largely independent of ROS formation. Finally,
GSH depletion was observed to be necessary for the progression of apoptosis induced by
several different stimuli, which act by different signaling pathways to induce cell death.

We previously reported that GSH efflux in FasL induced apoptosis is mediated, by a transporter
with characteristics of a GSH/OA− exchanger (13). Members of the SLCO/OATP transporter
family have been suggested to function as bidirectional transporters of glutathione in exchange
for an organic anion (OA−) substrate (55–62) acting then, as GSH exchangers. In addition,
they are reported to transport a wide range of OA− in exchange for GSH (56,59). Glutathione
efflux by these proteins has been reported to be trans-stimulated by extracellular OA− substrates
(i.e. its transport is accelerated by the presence of extracellular substrates that increase the
exchange transport rate). The driving force for the net GSH export through GSH/OA−
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exchangers is determined by the electrochemical gradient of GSH across the plasma membrane
(11,59). Glutathione is 90% freely distributed in the cytosol where it is present in concentrations
up to 10 mM in animal cells, whereas in plasma, concentrations are ~0.01 mM, and in cell culture
medium they are around 0.003 mM. Moreover, because GSH is negatively charged at
physiological pH, there is a large intracellular negative potential of −30 to −60 mV that
facilitates its extrusion. Increasing the extracellular GSH concentration decreases the driving
force of GSH extrusion and reduces net GSH efflux mediated by GSH/OA− exchangers. Thus,
high extracellular GSH should stimulate GSH/OA− exchange of GSHi; however, net reduction
of GSHi is prevented by its exchange for extracellular GSH.

Bi-directional GSH/OA− has been reported in different cell types including human cell lines
(56,57,60–64). Although OATP (human)/Oatp (rat, mouse) proteins were initially reported to
mediate this exchange transport (57,58,62), a recent study has suggested that GSH/OA−

exchange is not mediated by this family of transporters (65,66). We have previously detected
the presence of mRNA for 7 different members of the SLCO/OATP family of transporters in
Jurkat cells (13). We have initially proposed that an exchange transporter mediates GSH efflux
during apoptosis based on several characteristics: 1) stimulation by a wide variety of
extracellular OA− substrates including MK571; 2) reduction by high extracellular GSH
medium independent of de novo synthesis; thus, suggesting that high extracellular GSH
medium reverses GSH efflux during apoptosis by reducing its electrochemical gradient across
the plasma membrane; and 3) activation of an OA− influx that parallels GSH efflux (13).

Other studies have suggested that ABCC/MRP transporters may be involved in GSH efflux
during apoptosis (16,67,68). In contrast to our observations, Ballatori and co-workers recently
reported that inhibitors of MRP transport including MK571 prevent GSH loss and apoptosis
in Jurkat cells. This discrepancy between the two studies is likely explained by the fact that
the Ballatori and co-worker experiments were performed under a glucose-depleted condition,
which is an apoptotic stimulus by itself. In addition, their bulk assays used to asses both
apoptosis and changes in GSHi cannot discriminate between apoptotic and necrotic cells.
Because apoptosis is a stochastic cellular process, we have analyzed these events at the single
cell level by flow cytometry. Whether GSH efflux during apoptosis is mediated by OATP,
MRP, or any other still unidentified transporter remains to be clarified.

The progression of apoptosis has been largely reported to correlate with the generation of ROS
and RNS (7). Glutathione contributes to key antioxidant metabolic pathways by acting either
as a proton donor, or as the cofactor for nucleophilic conjugation and thus, it has been shown
to scavenge a wide range of ROS and RNS. While GSH scavenges , •OH, ¹O2, and NO
directly, it catalytically detoxifies cells from hydroperoxides (H2O2), OONO−, and lipid
peroxides by the action of glutathione peroxidases. Because glutathione is the major
intracellular antioxidant defense within the cells, we propose that its depletion might be a
prerequisite for the generation of ROS that could potentially modulate the apoptotic machinery.
We show that inhibition of GSH depletion by either high extracellular GSH or NAC abolishes
the increase in ROS formation. Moreover, we observed a tight link between GSH transport and
ROS formation because ROS generation was stimulated by MK571 a potent stimulator of GSH
efflux during FasL-induced apoptosis (13).

The role of ROS in the progression of the cell death program induced by FasL is controversial.
While previous studies suggested a role of ROS in apoptosis (22–24), contradictory results
have also been described (27,28,69–71). Previous reports have studied the role of one particular
ROS in apoptosis; however, the formation or even scavenging of one ROS can potentially lead
to the generation of others by different reactions. FasL-mediated apoptosis has been reported
to induce the generation of H2O2 (20,22,24–26,45,72,73),  (22,23,73–78). OH− (25), NO
(79), and lipid peroxides (80,81). During apoptosis,  has been specifically shown to be
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formed due to a switch from 4-electron reduction of O2 to a 1-electron reduction (7,82).
Superoxide anion can be subsequently converted to H2O2 or ¹O2, by non-enzymatic reactions.
Furthermore,  can be derived enzymatically to H2O2 from its dismutation by SOD. Reaction
of H2O2 with  in the presence of iron can further produce •OH by Fenton-type reactions
(83). The hydroxyl radical can trigger a chain of peroxidation reactions by subtracting allylic
hydrogen atoms from proximal unsaturated lipids (84), which is highly toxic to the cell because
a single ROS can generate a number of toxicants because of the autocatalytic propagation of
lipid peroxidation reactions. We observed an example of this interrelationship of one ROS
generation with others when in the presence of the SOD mimic MnTE-e-PyP, which prevents

 formation upon Fas stimulation, H2O2 formation was enhanced as a byproduct of 
dismutation (data not shown). We took an integrative approach by analyzing the role of several
reactive species in apoptosis, by the use of several antioxidants alone or in conjunction.
Scavenging of H2O2, , •OH, and LPO formed upon Fas stimulation, neither regulate GSH
loss, nor protect from the progression of apoptosis. Moreover, the presence of antioxidants
stimulated FasL-induced apoptosis which is in accordance with other reports that suggested
an inhibitory role of distinct ROS during cell death (27,28,69–71). To eliminate the possibility
that the role of ROS in apoptosis was masked or underestimated by a possible compensation
of other ROS, we analyzed the combined effect of several antioxidants as a mixture. The
antioxidant mixture tested did not protect against apoptosis upon FasL stimuli. Other
antioxidants for ¹O2, NO, and ONOO− when administered alone or in conjunction with others
also had no effect on apoptosis. These results suggest that the increases in the formation of
reactive species during FasL-induced apoptosis do not regulate GSH loss or cell death.

Many reports have proposed a role for ROS in death receptor-mediated apoptosis, particularly
during Fas-mediated apoptosis (20,22–26,45,72–78,85,86). Antagonistic roles for ROS have
on the other hand, also been reported (27–29,69,87–92). The role of ROS in Fas-induced
apoptosis has been suggested previously by the protective effect of the extracellular addition
of thiols (GSH or NAC) on cell death progression, although the effects have been largely
ascribed to the well known capacities of thiol compounds as antioxidants (22,23,72,78,93,
94). We have observed here that high extracellular GSH and NAC, both of which prevent GSH
depletion, protect Jurkat cells from undergoing apoptosis induced by death receptor activation
(FasL), stress (UVC radiation) and drugs (cycloheximide and etoposide). In contrast, other
equally effective antioxidants that prevented ROS formation upon FasL stimuli, used alone or
in conjunction, had no effect on apoptosis. Thus, we conclude that inhibition of apoptosis by
using any experimental approach that prevents GSH depletion or replenishes cellular GSH
levels cannot be used as an indicator of a role of reactive species in apoptosis, but rather as
evidence of a regulatory role of changes in GSH content. This hypothesis is supported by
previous observations showing that apoptosis can occur under anaerobic conditions, i.e. in the
absence of ROS formation (41); or in cells deficient in respiration and mitochondrial oxidative
phosphorylation (95), which is the source of ROS during apoptosis (7,82,96). Moreover, in
peripheral T-lymphocytes protection from apoptosis by thiol-compounds is observed in the
absence of any ROS formation (93). These observations are important in the sense that they
indicate, a regulatory role for changes in GSH content during apoptosis independent from ROS,
and they explain contradictory results on the protective effects of thiol and non-thiol
antioxidants in apoptosis.

Thus, we show that the generation of ROS and oxidative stress upon FasL stimuli do not
regulate the progression of apoptotic cell death. However, the exact mechanism involved in
the modulation of apoptosis by GSH depletion remains unclear. Although the role of GSH in
distinct cell processes has been mainly ascribed to its potent antioxidant properties, GSH might
modulate apoptosis by other distinct mechanisms. Thiol/disulfide exchange reactions at the
level of cysteine residues in proteins involved in the apoptotic cascade have been recently
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suggested to regulate the progression of apoptosis (93,97). Thus, GSH loss might be regulating
apoptosis involve post-translational modifications of apoptotic enzymes by thiol exchange
reactions. Thiol exchange reactions might also be involved in the regulation of ion channels
and changes in the ionic homeostasis of the cell (4,5,98) that are known to regulate the
activation of caspases and endonucleases (4,5,98). More studies are necessary to elucidate the
exact mechanism or mechanisms involved in GSH depletion mediated regulation of apoptosis.
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FIGURE 1. Reactive oxygen species generation correlates with changes in intracellular glutathione,
GSHi
Reactive oxygen species formation was assessed by FACS using DHR for H2O2 detection;
DHE for superoxide anion ( ); HPF for hydroxyl radical (•OH−); and BODIPY® FL EDA,
for LPO. Changes in intracellular glutathione concentration GSHi were determined by FACS
using the thiol binding dye monochlorobimane, mBCl. For the induction of apoptosis, Jurkat
cells were incubated with FasL for 4 h at the concentration indicated. Data are expressed as
changes in ROS-sensitive dye fluorescence represented by frequency histograms (upper panels
in A–D) or in contour plots versus changes in mBCl fluorescence (GSHi) (lower panels in A–
D). In contour plots, the quadrant center was set at the mean fluorescence intensity for mBCl
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and the corresponding ROS dye, as a reference to indicate basal levels of GSHi and ROS.
Populations were gated and represented according to the differences in ROS levels. Plots are
representative of n = 3 independent experiments.
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FIGURE 2. Reactive oxygen species scavenging by antioxidants does not affect FasL-induced GSH
loss
Reactive oxygen species formation and changes in GSHi were assessed by FACS. Apoptosis
was induced in Jurkat cells by incubation with FasL (50 ng/ml FasL) for 4 h. The effect of the
antioxidants 10 mM sodium pyruvate (for H2O2) (A), 2% Me2SO (•OH−) (B), 250 µM MnTE-2-
PyP ( ) (C), and 5 mM trolox (LPO) (D), was individually assessed. Jurkat cells were
preincubated in RPMI for 1 h at 37 °C with the agents dissolved in either Me2SO or ethanol,
and antioxidants remained throughout the experiment. In all cases, control conditions include
vehicles at the same concentration. Populations were gated according to the differences in ROS
levels. Data are expressed as frequency histograms of either changes in the fluorescence of the
ROS-sensitive dyes (upper panels A–C) or mBCl (lower panels A–C). In A–C lower panels,
GSH depletion is depicted as the appearance of a population of cells at the left of the gray solid
lines. For mBCl fluorescence the solid line depicts the plots representative of n = 3 independent
experiments.
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FIGURE 3. Glutathione depletion is necessary for ROS formation
Jurkat cells were incubated with FasL (50 ng/ml FasL) for 4 h in the presence or absence of
high extracellular GSH medium (25 mM) or NAC (10 mM). Media was switched at the time of
FasL stimuli. High glutathione (+GSH) and N-acetyl-cysteine (+NAC) medium was made by
substitution of NaCl, maintaining the isomolarity of the media. Reactive oxygen species
formation was assessed by FACS as explained under "Experimental Procedures" and gated
and expressed as in Fig. 2. Plots are representative of at least n = 3 independent experiments.
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FIGURE 4. Stimulation of GSH depletion enhances ROS formation
Superoxide anion ( ) formation (used as a marker of oxidative stress) and changes in
GSHi were assessed by FACS as in Fig. 1. Apoptosis was induced in Jurkat cells by incubation
with FasL (50 ng/ml FasL) for 4 h in the presence or absence of 50 µM MK571. Data are
expressed as changes in DHE-fluorescence ( ) represented by frequency histograms (upper
panels), or in contour plots versus changes mBCl fluorescence (GSHi) (lower panels). In
contour plots, the quadrant center was set at the mean fluorescence intensity for mBCl and the
corresponding ROS dye, as a reference to indicate basal levels of GSHi and ROS. Populations
were gated and represented according to the differences in DHE fluorescence or  content,
as in Fig. 1B. Plots are representative of n = 3 independent experiments.
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FIGURE 5. Reactive oxygen species do not modulate FasL-induced apoptosis
FasL-induced apoptosis was assessed by (A) phosphatidylserine externalization and loss of
plasma membrane integrity (cell viability); (B) simultaneous detection of cleaved caspase 3
and PARP by FACS; as well as by (C) changes in morphological hallmarks of apoptosis which
include nuclear condensation, plasma membrane blebbing, and cellular fragmentation.
Apoptosis was induced by 50 ng/ml FasL over 4 h. The effect of sodium pyruvate (10 mM),
Me2SO (2%), MnTE-2-PyP (250 µM), trolox (5 mM) was individually assessed or in conjunction
(ANT-CK). In A, early externalization of phosphatidylserine is shown as an increase in the
number of cells that had an increase in annexin V-FITC fluorescence (population b), prior to
the loss of membrane integrity or high PI fluorescence with respect to control cells (population
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a). Loss of plasma membrane integrity or cell viability in later stages of apoptosis is reflected
as an increase in both PI and FITC fluorescence (population c). The contour plots are
representative of a single experiment representative of n = 3. In B, contour plots in control
panels show the distribution of cells with background fluorescence for FITC-conjugated anti-
cleaved caspase 3, or PE-conjugated anti-cleaved PARP antibodies (population a, black).
Simultaneous cleavage of caspase 3 and PARP during apoptosis is reflected as a coincident
increase in the fluorescence for FITC and PE (population d, gray). Other less represented
populations indicate cells which are positive for either cleaved caspase 3 (population b, dark
gray) or cleaved PARP (population c, light gray) antibodies respectively, which never reach
more than 10% of the total sample. Plots are representative of at least n = 3 independent
experiments. In C, DIC images were obtained to analyze changes in cell morphology during
apoptosis. Nuclei condensation is observed as a picnotic and brighter nuclei of cells stained
with Hoechst 3342 (see black arrows for examples). Examples of cells fragmented or with
plasma membrane blebs are pointed by white arrows. Images are representative of at least three
independent experiments.
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FIGURE 6. Catalase and deferoxamine are ineffective against ROS formation and apoptosis
Apoptosis was induced in Jurkat cells by incubation with FasL (50 ng/ml FasL) for 4 h in the
presence or absence of 1000 milliunits/ml catalase (bovine liver) or 1 mM desferoxamine
mesylate. Jurkat cells were preincubated in RPMI for 1 h at 37 °C with the agents, and
antioxidants remained throughout the experiment. In all cases, control conditions include
vehicles at the same concentration. A and B, simultaneous analysis of changes in GSH content
and generation of H2O2 or •OH− was performed by FACS. Data are expressed as in Fig. 2.
FasL-induced apoptosis was assessed by (C) phosphatidylserine externalization and loss
plasma membrane integrity; (D) simultaneous detection of cleaved caspase 3 and PARP; and
(E) DIC images depicting nuclear condensation, plasma membrane blebbing, and cellular
fragmentation. Results are expressed as in Fig. 5. Plots and images are representative of n =
three independent experiments.
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FIGURE 7. Glutathione loss is mediated by a plasma membrane transport, which is stimulated by
MK571 and inhibited by high extracellular GSH medium
A, changes in GSHi were determined by FACS. Effect of 4 h of treatment with 25 ng/ml FasL
on the GSHi of Jurkat cells. Populations were gated according to their GSHi levels on an mBCl
fluorescence versus forward scatter plot as explained under "Experimental Procedures." Plots
are representative of at least four independent experiments. B, extracellular determinations of
reduced (GSH) and oxidized (GSSG) glutathione. Cells (2 × 107 cells/ml) were incubated (1
h) with acivicin (250 µM), and then, stimulated with FasL (100 ng/ml) for 2 h with or without
MK571 (50 µM). Samples were centrifuged, and aliquots of the media were taken to determine
changes in extracellular (e) levels of GSH and GSSG. Results are normalized to protein
concentration for each sample and are means of n = 4 ± ES. *, p < 0.05, against corresponding
control values; **, p < 0.05 against corresponding FasL values.
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FIGURE 8. Glutathione transport regulates apoptosis induced by distinct stimuli
For the induction of apoptosis, Jurkat cells were incubated with 25 ng/ml FasL for the time
indicated. Data are expressed as frequency histograms of mBCl fluorescence. MK571 (50
µM) and high extracellular GSH medium (+GSH) were added at the time of FasL stimuli. In
A, apoptosis was assessed by phosphatidylserine externalization using annexin-FITC staining
as explained under "Experimental Procedures." Plots are representative of at least n = 4
independent experiments, and in B, DIC images were obtained to analyze changes in cell
morphology during apoptosis. Images are representative of at least three independent
experiments (see Fig. 5). In C, the effect of high extracellular GSH on apoptosis induced by 8
h exposure of FasL (25 ng/ml), UVC radiation (15 mJ/cm²), cycloheximide (30 µM), and
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etoposide (100 µM) was studied. Apoptosis was assessed by the % of cells with cleaved caspase
3 assessed by FACS as in Fig. 5. Data are expressed as mean ± S.E. of n = 3. *, p < 0.005
against treatments in the absence of high extracellular GSH (−GSH).
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FIGURE 9. N-acetyl-L-cysteine protects against FasL-induced GSH depletion and apoptosis
Apoptosis was induced in Jurkat cells by incubation with 25 (A) and 50 (B–E) ng/ml FasL for
4 h. MK571 (50 µM) and high extracellular NAC medium (+NAC) were added at the time of
FasL stimuli. A, changes in GSHi were determined by FACS. Populations were gated according
to their GSHi levels on an mBCl fluorescence versus forward scatter plot as explained under
"Experimental Procedures." FasL-induced apoptosis was assessed by (B) phosphatidylserine
externalization and loss of plasma membrane integrity; (C) simultaneous detection of cleaved
caspase 3 and PARP; (D) DIC images depicting nuclear condensation, plasma membrane
blebbing, and cellular fragmentation; and (E) immunoblot detection of full-length and cleaved
forms of execution caspases 3, 6, and 7, as well as their substrates PARP and α-fodrin. Results
are expressed as in Fig. 5. Plots, images, and blots are representative of n = 3 independent
experiments.
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FIGURE 10. High extracellular GSH protects against FasL-induced GSH depletion and apoptosis
independent of de novo synthesis
The role of de novo GSH synthesis in the protective effects of high extracellular GSH was
evaluated using BSO (1 mM) an inhibitor of the γGCS. In A, cells were treated with BSO for
24 h (−GSH). This, significantly depleted cells of GSHi compared with control cells (control
panel). When GSH-depleted cells were preincubated for 4 h prior to FACS analysis with high
GSH medium (+GSH), the GSHi pool was replenished even in the presence of BSO. In B,
Jurkat cells were preincubated with 1 µCi of ³H-GSH in the presence of 250 µM acivicin and
BSO, with or without of high extracellular GSH. Data are expressed as the amount of
radioactivity uptaken by the cells (dpm), normalized by protein concentration per sample. *,
p < 0.05, against −GSH values. In C–F, apoptosis was induced in Jurkat cells by incubation
with 50 ng/ml FasL for 4 h. High extracellular GSH medium (+GSH) was added at the time of
FasL stimuli. C, changes in GSHi were determined by FACS. Populations were gated according
to their GSHi levels on an mBCl fluorescence versus forward scatter plot as explained under
"Experimental Procedures." After 4 h, BSO starts depleting cells of GSHi, which is prevented
by high extracellular GSH medium. For reference, grey solid lines in A and C depict the medium
fluorescence intensity of mBCl in control cells, which reflects basal levels of GSH; grey dashed
lines in A depict the medium fluorescence intensity of mBCl in BSO-treated cells, which
reflects depleted levels of intracellular GSH. FasL-induced apoptosis was assessed by (D)
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phosphatidylserine externalization and loss of plasma membrane integrity; (E) simultaneous
detection of cleaved caspase 3 and PARP; (F) DIC images depicting nuclear condensation,
plasma membrane blebbing, and cellular fragmentation. Cells were pretreated with BSO 1 h
before the experiment, and it was present throughout the experiment. Results are expressed as
in Fig. 5. BSO in B–F was preincubated for 1 h and was present throughout the experiments.
Plots and images are representative of n = 3 independent experiments.
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