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Intracellular glutathione (GSH) depletion is an important
hallmark of apoptosis.We have recently shown that GSHdeple-
tion by its extrusion regulates apoptosis independently of exces-
sive reactive oxygen species accumulation. However, the mech-
anisms by which GSH depletion regulates apoptosis are still
unclear. Because disruption of intracellular ionic homeostasis,
associated with apoptotic volume decrease (AVD), is necessary
for the progression of apoptotic cell death,we sought to evaluate
the relationship between GSH transport and ionic homeostasis
during Fas ligand (FasL)-induced apoptosis in Jurkat cells. GSH
depletion in response to FasL was paralleled by distinct degrees
of AVD identified by differences in cellular forward scatter and
electronic impedance analysis. Inhibition of GSH efflux pre-
vented AVD, K� loss, and the activation of two distinct ionic
conductances, mediated by Kv1.3 and outward rectifying Cl�
channels. Reciprocally, stimulation of GSH loss accelerated the
loss of K�

, AVD, and consequently the progression of the exe-
cution phase of apoptosis. Although high extracellular K�

inhibited FasL-induced apoptosis, GSH depletion was largely
independent of K� loss. These results suggest that deregulation
ofGSHand ionic homeostasis converge in the regulation of apo-
ptosis in lymphoid cells.

Apoptosis or programmed cell death is a ubiquitous energy-
dependent, evolutionary conserved process. Under physiologi-
cal conditions it is important not only in the constant 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). A clear example is apoptosis medi-
ated by Fas ligand (FasL)2 receptor (Fas/CD95/Apo-1) activa-

tion, which is necessary for 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 ordered process
characterized by the progressive activation of precise pathways
leading to specific biochemical and morphological alterations.
Initial stages of apoptosis are characterized by activation of ini-
tiator caspases, changes in the cellular redox potential, intracel-
lular ionic homeostasis, cell shrinkage or apoptotic volume
decrease (AVD), loss of membrane lipid asymmetry, and chro-
matin condensation. Later stages associated with the execution
phase of apoptosis are characterized by execution caspase and
endonuclease activation, apoptotic body formation, and cell
fragmentation (4, 5).
Reduced glutathione (GSH) is themost abundant lowmolec-

ular weight thiol in animal cells and is themajor determinant in
the redox potential of the cell. It is involved in many cellular
processes, including antioxidant defense, drug detoxification,
signaling, and proliferation (6–10). Glutathione loss is an early
hallmark in the progression of cell death in response to different
apoptotic stimuli (11–19). Death receptor (including Fas)-in-
duced GSH depletion has been clearly associated with the acti-
vation of a plasma membrane transport mechanism and not to
its oxidation by reactive oxygen species (ROS) (20–23). Several
studies have shown a correlation between GSH efflux and the
progression of apoptosis, and inhibition of GSH loss is able to
rescue cells from cell death progression (20–22). Glutathione
depletion has been shown to directlymodulate both the perme-
ability transition pore formation and the activation of caspase 3
(24–26). In addition, in vitro studies have demonstrated that a
reduction in the intracellular GSH content is necessary for the
formation of the apoptosome (27). Additionally, high intracel-
lular GSH (GSHi) levels have been associated with an apoptotic
resistant phenotype (28–31). We and others have previously
shown that FasL-induced GSH efflux is mediated by a trans-
porter (22, 23, 32). Although GSH efflux precedes ROS forma-
tion (33, 34), we recently demonstrated that while GSH trans-
port regulates apoptosis, neither GSH loss nor the progression
of cell death are regulated by excessive and widespread forma-
tion of ROS or oxidative stress during apoptosis (34). However,
the mechanism involved in the regulation of apoptosis by
changes in GSHi are still elusive.
Apoptotic volume decrease (AVD) and changes in intracel-

lular ionic homeostasis are common early features observed
during apoptosis (5, 35–38). Although cell shrinkage or AVD is
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an epi-phenomenon associated with ionic imbalance (39),
changes in intracellular ion homeostasis during apoptosis have
been shown to be necessary for the activation and assembly of
the apoptotic machinery (5, 35–38). However, the exact signal-
ing cascades that modulate the changes in ionic homeostasis
have not been identified yet. Apoptotic volume decrease,
changes in ionic homeostasis, andGSH loss have been observed
to occur at early stages of apoptosis (5, 22). However, their
interrelationship and further connection with the cell death
program are unknown. Here we report that GSH efflux occurs
concomitant to cell shrinkage or AVD and show that GSH
transport is necessary for changes in intracellular ionic home-
ostasis, during FasL-induced apoptosis. Furthermore, we pres-
ent evidence that the regulation of the execution phase of apo-
ptosis by changes in GSHi is mediated, at least in part, by the
modulation of changes in the intracellular ionic balance.

EXPERIMENTAL PROCEDURES

Reagents—RPMI 1640 medium, penicillin/streptomycin,
and heat-inactivated fetal calf serum were from Invitrogen.
MK571 was from Biomol (Plymouth, PA). L-(�,�-Diamino-
propionyl22)-Stichodactyla helianthus peptide neurotoxin
(ShK-Dap22) was from Bachem (King of Prussia, PA). Mono-
chlorobimane (mBCl) and 1,3-benzenedicarboxylic acid,
4,4�-[1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-diyl-
bis(5-methoxy-6,2-Benzofuran-diyl)]bis-tetrakis [(acetyloxy)-
methyl]ester (PBFI-AM) were from Molecular Probes Inc.
(Eugene, OR). Cytofix/cytoperm kit and monoclonal anti-
bodies PE-conjugated anti-active caspase 3, and FITC-con-
jugated anti-PARP cleavage site were from BD Biosciences.
Anti-caspase 3, anti-caspase 7, anti-PARP, and anti-�-fodrin
antibodies (human-specific) were from Cell Signaling Tech-
nology Inc (Beverly, MA). All other reagents were from
Sigma.
Cell Culture andMedia—Jurkat cells, E6.1 clone (human leu-

kemia) were obtained from American Tissue Culture Collec-
tion (Manassas, VA). Cells were cultured in RPMI 1640
medium containing 10%heat-inactivated fetal calf serum, 4mM
glutamine, 31 mg/liter penicillin, and 50 mg/liter streptomycin
at 37 °C, 7% CO2 atmosphere. Cells (5–7 � 105 cells/ml) were
incubated with Fas ligand (FasL) (Kamiya Biomedical Co. Seat-
tle, WA) for the time indicated to induce apoptosis. In media
containing high glutathione (�GSH) or high S-methyl-GSH,
NaClwas substitutedwith 25mMof each compound,maintain-
ing the same osmolarity of the media. High extracellular K�

medium (high [K�]e) was made by isosmolar substitution of
extracellular 104 mM NaCl with KCl. Media osmolarity were
measured on aWescor 5500 vapor pressure osmometer (Logan,
UT).
Fluorescence-activated Cell Sorting (FACS)—FasL-induced

apoptotic parameters were analyzed by FACS, using an LSR II
flow cytometer and FACSDiva software (BD Biosciences) for
data analysis. Cells were analyzed at a cell density of 5–7 � 105
cells/ml, and 1 � 104 cells were recorded. Fluorophores were
diluted in dimethyl sulfoxide (DMSO) and preloaded at 37 °C,
7% CO2. The final concentration of DMSO never exceeded
0.1%. When indicated, propidium iodide (PI) was added to a
final concentration of 10 �g/ml, to assess the loss of membrane

integrity. Sequential analysis of the distinct fluorophores was
used, and cells with increased PI fluorescence were excluded
during the analysis. Cells were analyzed in FL-3 fluorescence
for PI (488 nm excitation, 695/40 nm emission). Histograms
and plots in all cases are representative of at least three different
experiments. Changes in different morphological and bio-
chemical parameters during apoptosis induced by FasL in Jur-
kat cells were determined as follows.
Changes in Forward Scatter (Cell Size)—Cell size was deter-

mined as changes in the forward scatter light pattern of the
cells. Cells were excited with an argon 488 nm laser. The for-
ward-angle light scatter relates to cell diameter, i.e. cell shrink-
age is reflected as a decrease in the amount of forward scattered
light.
Changes in Intracellular Glutathione Content, GSHi—Cells

were preloaded for 10 min with 10 �MmBCl, which forms blue
fluorescent adducts with intracellular glutathione (40). Imme-
diately prior to flow cytometry examination, PI was added. For
mBCl, cells were excited with a 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 differ-
ences in mBCl fluorescence, reflecting changes in GSHi. Popu-
lations were gated as described previously (22, 34). Briefly, con-
tour plots of mBCl fluorescence versus forward scatter were
used to identify populations of cells with different GSHi levels
induced after FasL treatment. Three different populations were
identified and represented independently as follows: cells with
high GSHi or control cells (black); cells that displayed an initial
reduction in GSHi (10-fold decrease inmBCl fluorescence) and
a slight decrease in their forward scatter properties (light gray);
and cells with an enhanced depletion of GSHi (100-fold
decrease in mBCl fluorescence) and a marked decrease in for-
ward scatter light (dark gray).
Changes in Intracellular Potassium, K�

i—Cells were pre-
loaded for 1 h with 5 �M PBFI-AM (K� fluorophore) prior to
the time of analysis. The excitation peak of this benzofuran
isophthalate derivative narrows significantly upon K� binding
shifting the excitation maxima to shorter wavelengths and
causing a large change in the ratio of energy absorbed at 340/
380 nm. Immediately prior to flow cytometry examination PI
was added. For PBFI, cells were excited with a UV 350/360 nm
laser, and emission was examined with a 440/40 filter. Changes
in theK�

i are reflected by the appearance of populations of cells
with differences in PBFI fluorescence, reflecting changes in the
intracellular concentration of this ion.
Analysis of Plasma Membrane Lipid Symmetry—External-

ization of phosphatidylserine during apoptosis was determined
by its binding to annexin V conjugated to FITC (Trevigen,
Gaithersburg, MD). Briefly, control or treated cells, initially
washed in PBS, were incubated with annexin-FITC and PI for
15 min at room temperature according to the manufacturer’s
instructions. Annexin-FITC/PI-stained samples were diluted
in annexin binding buffer and examined immediately by FACS.
FITC fluorescence was analyzed in FL-1 (488 nm excitation,
530/30 nmemission). Early apoptotic cells are defined as having
annexin-positive, PI-negative staining. Late apoptotic and non-
viable cells are both annexin- and PI-positive.
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FIGURE 1. Changes in GSHi are paralleled by AVD or cell shrinkage. Changes in GSHi were determined by FACS using the thiol binding dye mBCl. 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
(A) and contour plots of mBCl fluorescence versus changes in forward light scatter (B). Populations were gated according to their GSHi levels on mBCl
fluorescence versus forward scatter plot and represented as follows: normal cells with high GSHi (population a in black) and cells with reduced GSHi levels
(population b in light gray, and population c in gray). C, changes in cell size of populations from A were analyzed by electronic impedance to determine cellular
diameter as explained under “Experimental Procedures” and represented as in A. Plots and histograms are representative of at least four independent
experiments. These populations were subsequently sorted for DIC optic imaging (D). Cells were prestained with DRAQ (for nuclear staining) and MitoTracker
Green (for mitochondrial staining). Images are representative of three independent experiments.
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Caspase 3 and PARP Cleavage Analysis—Cells were washed
with phosphate-buffered saline (PBS) and then fixed and per-
meabilized using the Cytofix/Cytoperm kit for 30 min at room
temperature in the dark according to the manufacturer’s spec-
ifications. Cells were then pelleted and washed with the Perm/
Wash buffer and stained with PE-conjugated anti-active
caspase 3 or FITC-conjugated anti-PARP cleavage site-specific
antibodies for 1 h at room temperature in the dark. Following
incubation, cells were washed with the PermWash buffer and
analyzed by flow cytometry. PE and FITC fluorescence were
examined in FL-2 (488 nm excitation, 575/26 nm emission) and
FL-1, respectively.
Electronic Cell Volume Determination—Jurkat cells, treated

with or without 10 ng/ml FasL for 4 h, were incubated for an
additional 10-min period with 10 �M mBCl. Cell volume (CV)
measurements of normal and low mBCl fluorescence popula-
tions were performed by analysis of the electronic (impedance)
Coulter volume with anNPEQuanta flow cytometer (NPE Sys-
tems, Pembroke Pines, FL) as described previously (41, 42).
Electronic volume calibration was performed for each experi-
ment with 6 �mUV excitable flow cytometry alignment beads
(Align Flow, Molecular Probes). Monochlorobimane was
excited with a 365-nm excitation filter, and emission was

detected on a photomultiplier using a 450/55-nm filter. Popu-
lations were depicted in dot plots ofmBCl fluorescence and cell
diameter (CD) (not shown). Populations with different levels of
mBCl fluorescence and hence different levels of intracellular
GSHwere analyzed in histograms according to their CD values.
CV was determined from the electronic cell diameter (d) and
the sphere volume equation (��d3)/6.
Cell Sorting and Confocal Imaging of Cells with Different

Intracellular Glutathione Concentration [GSH]i—Jurkat cells,
which had been treated with or without 10 ng/ml FasL for 4 h,
were incubated for an additional 15-min period with 10 �M
mBCl, 10 �M DRAQ (nuclear staining), and 150 nM Mito-
Tracker Green (mitochondrial staining). Sorting of the normal
and low mBCl fluorescent cells was accomplished using a BD
Biosciences FACS Vantage SE flow cytometer. Sort gates were
set on a forward-scatter versus mBCl fluorescence plot. Cells
were then sorted based on theirmBCl fluorescence and forward
scatter properties (see Fig. 1B). Populations of cells with dis-
crete fluorescence intensities, hence intracellular GSH lev-
els, were immediately placed on coverslips and observed
immediately using a Zeiss 510 UV laser scanning confocal
microscope to obtain simultaneous DIC and confocal
images. DRAQ was excited at 633 nm, and emission was col-

TABLE 1
Changes in electronic cell diameter (CD), cell volume (CV), and cell number (% of total cell number) of populations with different levels of
GSHi induced by FasL
Data aremeans (X)� S.E. of n� 3 independent experiments. Percentages in CV/CD columns for the first and second stages of GSH loss reflect the percentage of reduction
with respect to normal high GSH values. Populations were gated from dot plots of mBCl fluorescence versus electronic CD and analyzed according to the levels of GSH; as
in Fig. 1. CV is determined from the electronic cell diameter (d) and the sphere volume equation (� � d3)/6. Normal cells are cells with high GSHi and normal cell size �780
�m; cells within the first stage of GSH loss and AVD are cells with a 10-fold decrease in mBCl fluorescence and a decrease in cell size of �17% (to �650 �m); cells within
the second stage of GSH loss and AVD are cells with a 100-fold decrease in mBCl fluorescence and a large decrease in cell size of �95% (to �39 �m); see control values.

* p � 0.05 against corresponding values for normal high GSHi population.
** p � 0.05 against corresponding control values.
*** Values here are the same and repeated just for comparison.

GSH and Ionic Homeostasis Converge in Apoptotic Signaling

36074 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 52 • DECEMBER 26, 2008



lected with a 655–708-nm filter. MitoTracker Green was
excited at 488 nm with an argon laser, and emission was col-
lected with a BP 505–550-nm filter.
Differential Interference Contrast (DIC)Microscopy—AZeiss

LSM510microscopewas used to obtainDIC images. Cells were
pre-stained for 30 min at 37 °C and 5% CO2 with 5 �g/ml
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.Hoechstwas excited at 390 nmwith aTitaniumSaphire
750 nm laser, and emission was collected with a BP 465-nm
filter. Images were analyzed with LSM 5 image browser
software.
Protein Extraction andWestern 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 (Com-
plete Mini protease mixture, Roche Applied Science). Samples
were sonicated and centrifuged, and the pellets were discarded.
Then samples were assayed in a Beckman DU650 spectropho-
tometer for protein concentration using the Bio-Rad protein
assay (Bio-Rad), and cell extracts were normalized to equal pro-
tein concentration. Loading buffer containing glycerol, SDS,
and bromphenol blue was added, and samples were denatured
at 99 °C for 5 min. Protein extracts, 50 �g/sample, were sepa-
rated by SDS-PAGE on 4–20% gradient polyacrylamide Tris/
glycine gels (Invitrogen) and transferred to nitrocellulose.
Membranes were blocked in Tris-buffered saline containing
0.05% Tween, 10% nonfat dry milk, and 2% bovine serum albu-
min. Antibodies were diluted in Tris-buffered saline containing
0.05% Tween, 5% nonfat dry milk, and 1% bovine serum albu-
min. Blots were incubated with the corresponding primary

antibody (1:1000) overnight. Then blots were incubated with
the corresponding horseradish peroxidase-linked secondary
antibodies (Amersham Biosciences) diluted 1:10,000. 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 �-mercapto-
ethanol, 2% SDSbuffer and reprobed for�-tubulin (1:10,000) to
verify equal protein loading.
Patch Clamp Electrophysiology—Whole-cell currents were

investigated at room temperature (20–25 °C) in Jurkat cells
using the patch clamp technique in the whole-cell configura-
tion. Jurkat cells were bathed inHEPES-buffered saline solution
containing (in mM) the following: 140 NaCl, 5 KCl, 2.2 CaCl2, 1
MgCl2, 10 HEPES, and 10 glucose at pH 7.3–7.4 (with NaOH),
and voltage-clamped to�80mVwith anAxopatch 200B ampli-
fier (Axon Instruments, FosterCity, CA). Fire-polished pipettes
fabricated from borosilicate glass capillaries (WPI, Sarasota,
FL) with 5–7-megohm resistance were filled with pipette solu-
tion containing (mM) 140 potassium aspartate, 2.2 CaCl2, 1
MgCl2, 10 1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-tet-
raacetic acid, 10 HEPES, and 5 MgATP at pH 7.1–7.2 (with
KOH). The reference electrode was a AgCl-wired pellet. Cells
were treatedwith FasL in cell culturemedium at 37 °C, 7%CO2.
Immediately prior to recording Jurkat cells were gently washed
and resuspended in bath solution. Potassium and/or chloride
(Cl�) currents were evoked by a range of 100-ms voltage steps
from�60 to�60mV from a holding potential of�80mV. The
currents were measured after 1 min of attaining the whole-cell
configuration. Cell capacitance obtained through the pCLAMP
software was between 3 and 5 picofarads. Access resistance was
typically between 10 and 30 megohms. Data were digitized at
2.5 kHz and filtered at 2 kHz. The currents were acquired

FIGURE 2. Glutathione depletion is stimulated by MK571 and prevented by high extracellular GSH. Intracellular GSH measurements by FACS were
performed and represented as in Fig. 1B. Apoptosis was induced by 25 ng/ml FasL (4 h), in the presence or absence of 50 �M MK571 and high extracellular GSH
medium (�GSH). High glutathione (�GSH) medium was made by substituting NaCl with 25 mM L-glutathione, maintaining the same osmolarity of the media.
Plots are representative of at least four independent experiments.
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with pCLAMP-9 and analyzed with Clampfit 9.2 (Axon
Instruments).
Statistical Analysis—When indicated, significance of differ-

ences in mean values was calculated using the two-tailed Stu-
dent’s t test. The number of experiments performed is indicated
in the corresponding legend of the figures.

RESULTS

FasL-induced Reduction in Intracellular GSH Content
(GSHi) Is Paralleled by Apoptotic Volume Decrease (AVD)—
Glutathione depletion andAVDare commonearly hallmarks of
apoptosis induced by numerous stimuli (5, 8, 14, 43). We
recently reported that GSH loss induced by FasL is mediated
through the activation of an efflux transport mechanism for
GSH extrusion rather than due to its oxidation to GSSG or loss
of membrane integrity (22, 23, 34). Thus, we sought to investi-
gate the relationship between AVD and GSH depletion during
apoptosis.We first analyzed if GSH losswas associatedwith cell
shrinkage or AVD. Single cell analysis of changes in GSHi was
done using FACS and the GSH binding dye mBCl. We have
previously reported that GSH loss occurs stochastically
reflected by the appearance of discrete populations with
changes in GSHi. These populations represent two different
stages of GSH loss (22, 34). Fig. 1 shows that cells stained with
mBCl show a high level of fluorescence depicted as a single
population of cells, which reflects the basal levels of GSHi (Fig.
1A, 0 h panel). Fas ligand induced a progressive reduction in the
population of cells with normal GSHi content (Fig. 1A, popula-
tion a, depicted in black). Additionally, FasL induced the
appearance of two populations of cells with different levels of
decreased GSHi. A progressive increase in the population of
cells within the first stage of depletedGSHi (Fig. 1A, population
b, depicted in light gray) and the proportional decrease in cells
with high GSHi were observed over time after Fas stimulation.
In contrast, the population of cells within the second stage of
GSHi loss (Fig. 1A, population c depicted in dark gray) does not
increase over time, which suggests that this stage is likely to be
associated with the degradation phase of apoptosis, although
these cells have integral plasma membrane observed as PI
exclusion (not shown).
We have previously shown that AVD occurs in stages (41,

42). To analyze if GSH loss is paralleled by AVD, changes in
GSHi and in forward scatter properties were simultaneously
analyzed. Forward-angle light scatter of cells relates to its diam-
eter (44). Contour plots of mBCl fluorescence versus forward
scatter (Fig. 1B) show that the distinct populations of GSH loss

are distinguished by their differences in their forward scatter
properties. The first population of cells with reduced GSHi
shows a slight decrease in forward scatter (Fig. 1B, population
b), although the second population of cells has a marked
decrease in forward scatter (population c). To test the validity of
these observations via a different approach, we analyzed
changes in cell volume using electronic (impedance) Coulter
cell size determinations (cell diameter and cell volume) of each
population of cells with different levels of GSHi. Histogram
analysis of the cell diameter for these populations shows that
the two stages of GSHi loss (Fig. 1C, populations b and c) are
paralleled by distinct degrees of cell shrinkage reflected as a
reduction in the mean electronic cell diameter (CD) of each
population.
A nonlinear relationship exists between CD and cell volume

(CV), which means that a small change in CD reflects a pro-
found change in CV. Table 1 summarizes the results regarding
the changes in CD and CV of each population in response to
FasL. The normal population of cells with high GSHi has a
mean CD of �11.4 �m and a mean CV of �780 �m. The first
population of cells within the first stage of GSH loss had a small
but significant reduction in their mean EV of �8–11% com-
pared with control cells, which translates to a reduction in their
mean CV of �17–28%. Finally, the second population of cells
within a large reduction in GSHi showed a decrease in CD of
�50–62% compared with control cells and an enhanced
decrease inCVof�92–94% comparedwith control cells. These
changes in themeanCD andCV values for each population (i.e.
percentage of CD/CV reduction compared with the normal
population of cells) were not significantly altered either by
increasing concentrations of FasL or by the time of the treat-
ment. However, the number of cells within the high GSHi pop-
ulation was reduced in a dose- and time-dependent manner
after FasL treatment, while the number of cells within the first
population of GSH loss was proportionally increased (Fig. 1C
andTable 1). Thenumber of cellswithin the secondpopulation,
which showed a large depletion in GSHi and cell shrinkage sig-
nificantly increased in response to FasL (from 1.5 to �4%).
However, this population did not respond to increasing con-
centrations of the ligand or to longer periods of exposure. This
observation is consistent with the idea that this population is in
constant demise and thus in the degradation phase of apoptosis
(see Fig. 1C and Table 1). It is important to note that these
populations were still detected at low levels in control cells in
the absence of FasL,most likely reflecting the spontaneous apo-

FIGURE 3. Intracellular GSH loss is necessary for cell shrinkage or AVD and K� loss. Apoptosis was induced by 25 ng/ml FasL (4 h) in the presence or absence
of 50 �M MK571 with or without high extracellular GSH medium (�GSH). Changes in electronic cell volume and GSHi levels (A) were simultaneous analyzed as
explained under “Experimental Procedures.” A, bar graphs show the changes in the number of cells for each population with different levels of GSHi and AVD
represented as follows: a, normal cells with high GSHi and a cell size of �760 �m (black); b, cells within the first stage of GSH loss and a mean cell size of �570
�m (light gray); and c, cells within the second stage of GSH loss and mean cell size of �51 �m (gray). (See Table 1, values at 4 h of exposure to 25 ng/ml FasL.)
Data are means � S.E. of n � 3. *, p � 0.005 against control values for each population; **, p � 0.005 against FasL values for each population. B, cells were
pre-stained with Hoechst 33342 and then washed with fresh culture media. Differential interference contrast microscopy was used to analyze changes in cell
morphology during apoptosis. As shown in Fig. 1C, cells with a slight decrease in cell volume and condensed nuclei (light gray arrows), correspond to the first
stage of GSH loss. Cells in later stages of apoptosis, characterized by plasma membrane blebbing and cell fragmentation, are associated with the second stage
of GSH depletion (gray arrows). Control cells are characterized by a big nuclei and normal cell size (black arrows). Images are representative of at least three
independent experiments. C, changes in the intracellular K� content were assessed using the K� fluorophore PBFI-AM. Frequency histograms of PBFI fluores-
cence show the appearance of a population of cells with a reduction in K�

i (gray) upon Fas stimulation, compared with control cells (black). % are means � S.E.
of four independent experiments and represent the population of cells with a reduction in K�

i. Plots are representative of at least four independent
experiments.
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ptosis of the Jurkat cell population. Thus, these results demon-
strate that FasL-induced GSH loss is associated with the differ-
ent stages of cell shrinkage or AVD.

To evaluate the morphological
features of these populations, cells
were sorted, and then DIC and fluo-
rescent images were simultaneously
acquired (Fig. 1D). Control cells
(Fig. 1D, panel a) showed normal
morphology characterized by a
large nuclei surrounded by mito-
chondria. Similar characteristics
were observed for the population of
cells with normal GSHi after FasL
treatment (Fig. 1D, panel a in FasL).
The first population of cells with
depleted GSHi showed a reduction
in cell size and nuclear condensa-
tion (Fig. 1D, panels b). The second
population (Fig. 1D , panels c)
showed a high degree of membrane
blebbing and cell fragmentation
that correlateswith amarked reduc-
tion in their forward scatter proper-
ties. These data support the hypoth-
esis that these cells are in the
degradation or execution phase of
apoptosis. Thus, FasL-inducedGSH
efflux occurs in two stages, reflected
as the appearance of two different
populations of cells with different
GSHi levels, which may represent
different stages during apoptosis.
Glutathione Transport Regulates

AVD during FasL-induced Apop-
tosis—We previously showed that
GSH loss during FasL-induced apo-
ptosis is stimulated by the presence
of a wide variety of structurally
unrelated agents (taurocholic acid,
estrone sulfate, probenecid, and
MK571) and inhibited by high
extracellular GSH concentrations
(22, 34). It was shown thatMK571 is
a potent stimulator of FasL-induced
GSH efflux in Jurkat cells, and thus
GSH loss (22). Fig. 2 shows that
FasL-induced GSH loss is stimu-
lated by MK571 and inhibited by
high GSH medium. These results
have been previously corroborated
by analyzing the accumulation of
extracellular GSH (in its reduced
form) induced by FasL, which is also
stimulated by MK571 (22, 34).
We next evaluated the relation-

ship between GSH transport and
AVD by analyzing the effects of

MK571 and high GSH medium on cell shrinkage. Apoptotic
volume decrease during FasL-induced apoptosis is a stochastic
phenomenon. As demonstrated above, FasL induces a decrease

FIGURE 4. FasL-induced activation of Kv1.3 and ORCC are modulated by changes in intracellular GSH.
Apoptosis was induced by 2 �g/ml FasL (1 h) in the presence or absence of high extracellular GSH medium
(�GSH). DIC microscopy images in A–D were obtained as described previously to represent the population of
cells that were subject to electrophysiology characterization. Activation of the ion channels Kv1.3 and ORCC
was assessed by the patch clamp technique in its whole-cell configuration. A, representative plot of K� currents
evoked in control untreated Jurkat cells is shown. These currents were blocked in the presence of 20 nM

Shk-Dap22, which suggests that they are mediated by the voltage-gated channel Kv1.3. The scale in A applies
to all subsequent current plots. Currents were evoked from a range of test potentials from �60 to 80 mV for 100
ms, from a holding potential of �80mV (see the voltage protocol in the right inset in A). FasL treatment of Jurkat
cells induces the appearance of distinct populations of cells characterized by different morphological features
(B), whose ion currents were characterized. In 36% of a-labeled cells (11 of 31 recordings), which observed
normal morphological characteristics, an increase in the amplitude of voltage-activated Kv1.3-mediated K�

currents was detected. This increase was completely inhibited in the presence of Shk-Dap22 (see E). A second
population of cells (b), which observe common morphological features of apoptosis, including nuclei conden-
sation, cell shrinkage, and plasma membrane blebs, showed the activation of an ORCC inhibited by 320 �M

DIDS (see also E). In the presence of high extracellular GSH (C and D), which prevents the progression of
apoptosis, Jurkat cells present basal levels of voltage-activated K� currents (as in A). E, current (I)-voltage (V)
relationships of currents observed in A and B are shown. The current measured after 50 ms of test pulse and
normalized for cell capacitance was plotted against the test potential. F, current elicited by an 80-mV test pulse
from a �60-mV holding potential was measured after 50 ms recording and normalized by cell capacitance.
FasL-induced increase in Kv1.3 (a) and ORCC (b) currents is prevented in the presence of high GSH medium.
Plots are in all cases representatives of at least six independent recordings, and data in E and F are means � S.E.
of at least six independent experiments. *, p � 0.005 against control current values.
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FIGURE 5. K� loss is necessary for apoptosis but not for GSH loss. Apoptosis was induced by 25 ng/ml FasL (4 h) in the presence or absence of 50 �M MK571
and high extracellular K� medium (High [K�]e). High [K�]e was made by isosmolar substitution of extracellular NaCl with KCl. Changes in GSHi (A), DIC optics (B),
and K�

i (C) were determined as described previously. Plots are representative of n � 4 independent experiments, and the % are means � S.E. representing the
population of cells with high GSHi (A) or reduced K�

i content (C). Images are representative of at least three independent experiments.
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in the population of cells with high GSHi and a proportional
increase in the population of cells with decreased GSHi; how-
ever, the mean CV for these populations remains constant,
independent of the time of exposure and concentration used of
FasL (see Fig. 1C and Table 1). This suggests that cell shrinkage
occurs in stages very well defined by distinct populations, and
thus the effects of MK571 and high GSH were evaluated on the
number of cells for each population cells at different stages of
AVD. Fig. 3A shows that MK571 increases the number of cells
within the first population which observe depleted GSHi and a
small decrease in cell size after Fas activation (�570 �m, see
Table 1, values at 4 h of exposure to 25 ng/ml FasL). This change
occurred in parallel with a decrease in the population of cells
with high GSHi and normal cell size (�760 �m). In addition,
MK571 increased the number of cells within the second popu-
lation of GSHi depletion that have a marked degree of cell
shrinkage (�51�m). High concentrations of extracellular GSH
prevented the increase in the number of cells at both stages of
GSH loss and AVD induced by FasL in the presence or absence
of MK571. These data demonstrate that GSH transport modu-
lates the progression of AVD.
We also investigated the role of GSH in the regulation of

AVD and apoptosis by DICmicroscopy imaging. Fig. 3B shows
that FasL-induced apoptosis in Jurkat cells is characterized by
cells at initial stages of apoptosis, with a small decrease in cell
size and condensed nuclei (white arrows), which correspond to
cells within the first stage ofGSH loss (see Fig. 1D). Cells at later
stages of apoptosis are characterized by a high degree of plasma
membrane blebbing and cell fragmentation (Fig. 3B, gray
arrows) that correspond to the cells within the secondary stage
of GSH depletion (see Fig. 1D). Addition of MK571 stimulated
cell shrinkage, membrane blebbing, and cell fragmentation,
which were completely prevented by high extracellular GSH
(�GSH) medium.
FasL-induced GSH Loss Regulates Changes in Intracellular

Ionic Homeostasis upon FasL Stimulation—Apoptotic volume
decrease has been reported to be a consequence of the disrup-
tion of intracellular ionic homeostasis (5, 43). Alterations in
ionic gradient distribution during apoptotic cell death have
been shown to be the result of both impaired ionic homeostatic
mechanisms (ATPases) and activation of ion flux pathways
(channels) (36, 45–47). Changes in cellular ionic homeostasis
during apoptosis are not only initial hallmarks of this phenom-
enon but also important regulators of the progression of apo-
ptosis by the modulation of the apoptotic signaling machinery
(5, 35–38). It is well known that apoptosis induced by different
stimuli leads to a loss of K�

i that is necessary for AVD and the
progression of apoptosis (5, 45, 48–50). Because FasL-induced
GSH transport modulates AVD, we next investigated if GSH

transport modulates changes in intracellular ionic homeostasis
during apoptosis. We first investigated if changes in K�

i were
also modulated by GSH transport using the K�-binding fluo-
rescent indicator PBFI-AM. Fig. 3C shows that FasL induces the
appearance of a population of cells with a reduction in K�

i (to
17%, gray population) compared with control cells (black pop-
ulation). This population was augmented by the presence of
MK571 (to 64%). High extracellular GSH prevented K�

i loss
induced by FasL and its stimulation by MK571.
Activation of apoptosis by a variety of stimuli, including FasL,

has also been reported to induce the activation of distinct ionic
conductances (5, 35, 37), including voltage-gated K� channels
(such as Kv1.3) and outward rectifying chloride channels
(ORCC) (37, 51, 52). We analyzed if GSH transport regulated
the activation of these ionic conductances by FasL. Fig. 4 shows
representative whole-cell currents elicited from control
untreated cells by voltage step depolarizations. These currents
correspond to the activation of the voltage-gated K� channel
Kv1.3 as evidenced by its complete inhibition in the presence of
the monosubstituted analog of the sea anemone toxin Shk-
Dap22. Kv1.3 has been proposed to be the predominant volt-
age-gated K� channel in Jurkat cells (51, 53); however, it is
possible that Shk-Dap22 might also inhibit other voltage-gated
K� channels (54, 55).
Apoptosis is a stochastic phenomenon characterized by its

asynchronized progression that conveys the appearance of dis-
tinct populations of cells at different stages of the cell death
process. Fig. 4B shows that FasL induces the appearance of cells
with different morphological characteristics as explained in
Figs. 1D and 3B. These populations were characterized by
means of patch clamp electrophysiology. In �36% of the pop-
ulation of cells with normal morphology (11 of 31 recordings of
a-labeled cells), an increase in the voltage-activated K� current
amplitude, which is completely inhibited in the presence of
Shk-Dap22 (Fig. 4, B, a, labeled cells, and Fig. E), was observed.
In a second population of cells characterized by a smaller size,
condensed nuclei, and in some cases, plasma membrane bleb-
bing (Fig. 4B, b, labeled cells), we detected the activation of the
ORCC as evidenced by its inhibition in the presence of DIDS
(37, 56). DIDS-induced inhibition of ORCC evidenced a reduc-
tion in the voltage-dependent K� currents, which has been
demonstrated to occur during late stages of apoptosis (57, 58).
Interestingly, a recent report shows that a surge in Cl� conduc-
tances is actually associated with impaired Kv1.3 activity (59).
High extracellular GSH completely prevented the activation of
these conductances by FasL (Fig. 4,C–F). These results suggest
that GSH depletion modulates the activation of ionic conduc-
tances during apoptosis.

FIGURE 6. GSH depletion modulates the execution phase of apoptosis by regulation of K� loss. Apoptosis was induced by 25 ng/ml FasL during 4 h in the
presence or absence of 50 �M MK571 and high extracellular K� medium (High [K�]e). The execution phase of apoptosis was evaluated by the activation of
execution caspases (3 and 7) and cleavage of their substrates (PARP and �–fodrin). A and C, immunolabeling detection of cleaved caspase 3 and PARP was
performed by single cell analysis using FACS. Frequency histograms in control panels show the distribution of cells with background fluorescence for
PE-conjugated anti-active caspase 3 or FITC-conjugated anti-cleaved PARP antibodies (black). A second population with increased fluorescence for PE or FITC
(gray) indicates the cells with activated/cleaved caspase 3 (A) and PARP (C), respectively. Plots are representative of at least four independent experiments, and
the percentages are means � S.E. representing the population of cells with active caspase 3 (A) or cleaved PARP (C). B and D, Western immunoblot analysis was
done on whole-cell lysates of experimental samples, and blots were incubated with the corresponding antibodies as explained under “Experimental Proce-
dures.” Blots were stripped and reprobed for �-tubulin to verify equal protein loading and are representative of at least three independent experiments.
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GSH Regulates the Execution Phase of Apoptosis by the Mod-
ulation of K�

i Loss—We recently reported that GSH efflux is
necessary for the progression of the execution phase of apopto-
sis (22) and that this is independent from the excessive genera-
tion of ROS (34). However, the exact mechanism by which the
reduction in GSHi modulates the activation of the execution
phase of apoptosis is still imprecise. A necessary role of K� loss
for the activation of execution caspases and apoptosome for-
mation has also been demonstrated (5, 60, 61), whereas Cl� loss
does not seem to play an important role in this phenomenon
(62). Thus, we analyzed if the modulation of the execution
phase of apoptosis by GSH transport was linked to the regula-
tion of K� loss. Potassium loss during apoptosis has been
reported to be mediated by its passive transport across the
membrane driven by its electrochemical gradient; hence, it has
been ascribed to the activation of K� channels. Accordingly, we
evaluated the effects of high extracellular K� conditions, which
have been shown to inhibit K� loss during apoptosis (63), on
the changes in GSHi induced by FasL. Glutathione loss was
shown to be largely unaffected by high K� conditions (Fig. 5A).
However, high K� was still able to prevent not only AVD but
also plasmamembrane blebbing, nuclei condensation (Fig. 5B),
as well as K� loss (Fig. 5C) during FasL-induced apoptosis. In
addition, high K� medium blocked the stimulatory effects of
MK571 on the progression of the execution phase of apoptosis
(Fig. 5, B andC). Fig. 6 shows that high K� medium inhibits the
cleavage of execution caspases 3 and 7 as well as that of their
substrates PARP and �-fodrin. Furthermore, it also inhibited
the stimulatory effects ofMK571, which acceleratesGSH trans-
port, on the cleavage of these proteins. Together, these results
suggest that GSH loss occurs prior to, and independent of, K�

efflux during apoptosis. Potassium loss however is still neces-
sary for the progression of apoptosis. Thus GSH efflux is cou-
pled toAVD and changes in ionic homeostasis.Moreover, GSH
transport seems to modulate the progression of the execution
phase of apoptosis by regulation of K� loss.
Regulatory Effect of GSH on Apoptosis Depends on the –SH

(Thiol) Group—The cysteinylmoiety of GSHprovides the reac-
tive thiol group (–SH group) that allows GSH to participate in a
wide variety ofmetabolic processes, including oxidation-reduc-
tion (redox) reactions and nucleophilic displacement or addi-
tion-type reactions (6, 64). We have previously demonstrated
that excessive ROS formation and widespread oxidative stress
during FasL-induced apoptosis do not regulate the progression
of cell death (34). To elucidate if the regulatory role of GSH in
apoptosis depends on its thiol group, we studied the effects of
themodified analog S-methyl-GSHon apoptosis. Fig. 7A shows
that FasL-induced apoptosis, assessed by the externalization of
phosphatidylserine (annexin V) and changes in the plasma
membrane integrity of the cell (PI uptake), was suppressed by
high extracellular GSH. In contrast, S-methyl-GSH prevented
neither apoptosis (Fig. 7B) nor the activation of ionic conduc-
tances by FasL (Fig. 7C), which suggests that the regulatory role
of GSH in apoptosis is dependent on its thiol moiety.
GSHDepletion Triggers Apoptosis in the Absence of Apoptotic

Stimuli—We have demonstrated that inhibition of the �-glu-
tamylcysteine synthetase by BSO for 24 h depletes GSH from
Jurkat cells (22). Under these conditions, depletion of GSHi

with BSO stimulated apoptosis induced by submaximal con-
centrations of FasL (Fig. 8A). Apoptosis induces both GSH
extrusion (20–23, 32, 33, 65) and inhibition of its synthesis by
caspase-mediated cleavage of the �-glutamylcysteine synthe-
tase (66, 67). Glutathione depletion by itself has been observed
to either induce or stimulate apoptosis. In particular, BSO-in-
ducedGSHdepletion does not trigger apoptosis but potentiates
death receptor-induced apoptosis in T cells (28, 31, 68–70). As
shown in Fig. 8A, inhibition of GSH synthesis by BSO potenti-
ates apoptosis induced by FasL in Jurkat cells. Although GSH
depletion induced by BSO does not seem to be sufficient to
induce apoptosis in the absence of apoptotic stimuli, addition of
MK571 to GSH-depleted cells induces cell death with charac-
teristics of apoptosis (Fig. 8, B and C). Cells treated with both
BSO and MK571 observed initial externalization of phosphati-
dylserine, secondary loss of plasma membrane integrity (Fig.
8B), nuclei condensation, plasma membrane blebbing, and cell
shrinkage (Fig. 8C). Thus, these results suggest that both inhi-
bition of GSH synthesis and stimulation of GSH transport by
MK571 are necessary for the induction of apoptosis.

DISCUSSION

Recent reports have discovered new roles for changes in the
intracellular milieu during apoptosis (denominated permissive
apoptotic environment) as determinants in the activation of the
apoptotic machinery (5, 35, 71). Glutathione loss is a common
feature during apoptosis induced by different stimuli, and it has
been clearly demonstrated that GSHdepletion in FasL-induced
apoptosis is mediated by its efflux (21–23, 32). We previously
demonstrated that GSH depletion is necessary for the activa-
tion of the execution phase of FasL-induced apoptosis (22),
independent of the increases in ROS (34). However, the mech-
anisms by which GSH loss regulates cell death remain unclear.
In this study we report that GSH efflux is tightly coupled to the
progression of AVD and is necessary for the changes in ionic
homeostasis during apoptosis. Moreover, we demonstrate that
GSH loss regulates the progression of apoptosis by the modu-
lation of K� loss, which further regulates the execution phase of
apoptosis. Finally, we also show that apoptosis can be induced
by both GSH synthesis inhibition and stimulation of GSH
transport in the absence of any apoptotic stimuli.
During FasL-induced apoptosis, GSH loss seems to occur in

two different stages, neither of which is associated with the loss
of membrane integrity (22). Here we present evidence for the
correlation of these two stages of GSH loss with AVD. Apop-
totic volume decrease and changes in ionic homeostasis are
common features of apoptosis induced by different stimuli (5,
36, 37, 39, 61, 63, 72, 73). We report that the reduction in GSH
content was correlated with AVD measured by changes in for-
ward scatter and electronic cell sizing. The first stage of reduc-
tion in GSH content was associated with a decrease in cell
diameter by �8–11% translated in a cell volume decrease of
�17–28%. Additionally, the second stage of GSH loss is corre-
lated with a decrease in cell diameter of �50–62% (an actual
volume decrease of �92–94%) and plasma membrane bleb-
bing. Similar results were previously described in FasL- andUV
light-induced Jurkat cell apoptosis, and during radiation-in-
duced thymocyte cell death (41, 42, 74), where a two-stageAVD
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FIGURE 7. The regulation of apoptosis and ionic conductances by GSH depends on the �SH (thiol) group. FasL-induced apoptosis was assessed by
phosphatidylserine externalization (annexin V binding) and loss of plasma membrane integrity or cell viability (PI). Apoptosis was induced by FasL during 4 h.
The effect of high extracellular GSH (A) and S-methyl-GSH (25 mM) (B) was assessed. 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 (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 (c). The
contour plots are representative of n � 3 independent experiments. C, activation of the ion channels by FasL was performed as in Fig. 4 in the presence or
absence of S-methyl-GSH. FasL-induced increase in the amplitude of Kv1.3- (a) and ORCC-mediated currents (b) remained unaffected by the presence of
S-methyl-GSH. S-Methyl-GSH did not prevent activation of ORCC and increase in Kv1.3 current amplitude (in 4 of 12 recordings in � S-methyl-GSH, compared
with 4 of 11 recordings in S-methyl-GSH) induced by FasL. Plots in all cases are representatives of at least three independent experiments except for FasL (a)
panels, where currents are representative of the population with increase Kv1.3 current amplitude, 36% (�S-methyl-GSH) and 33% (�S-methyl-GSH) of the
recordings as in Fig. 4.
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was reported with similar degrees of cell shrinkage for both
stages.
Because AVD and changes in ionic homeostasis (particularly

K� loss) also regulate the progression of apoptosis (5, 35, 39, 42,
51, 52, 60, 61, 63, 72, 73, 75–77), we explored the link between
GSH depletion, changes in ionic homeostasis, and apoptosis.
FasL induces the activation of ORCC; however, net Cl� deple-
tion does not occur during FasL-induced apoptosis, and thus,
changes in intracellular Cl� distribution do not participate in
the progression of cell death (62). We focused then on the role
of K� depletion in apoptotic cell death. Intracellular K� loss is
necessary for the progression of apoptosis at different stages of
the signaling cascade, including cytochrome c release, apopto-
some formation, caspase and endonuclease activation (5, 51, 52,
60, 61, 63, 72, 75). The loss of GSH was shown to be necessary
for the changes in ionic homeostasis to occur. High extracellu-
lar GSH prevented K� loss induced by FasL; conversely, stim-
ulation of GSH efflux accelerated K� depletion. In addition, we
observed that although GSH depletion is largely independent
from K� loss, K� depletion is required for the progression of
apoptosis and for its acceleration byMK571. These results sug-
gest that GSH efflux modulates the progression of the execu-
tion phase of apoptosis at least in part by modulating K� loss
during apoptosis. It is important tomention that although FasL
induces Kv1.3 and ORCC activation, their inhibition by Shk-
Dap22 and DIDS does not prevent the changes in ionic home-
ostasis and the progression of apoptosis (51, 62). Thus, other
ionic pathways must be involved in both the ionic imbalance
induced by Fas activation and the progression of cell death. T
cells and lymphoma cells (including Jurkat cells) have been
reported to have several types of K� channels, including calci-
um-activated (78) and voltage-activated K� channels (not
shaker-related) (79), which might be involved in K� depletion
during apoptosis. In addition, apoptosis is not only paralleled by
changes in K� content but also by changes in intracellular Na�

and plasma membrane depolarization, and these changes are
associated with impairment of the Na�-K�-ATPase (73, 76,
80–82). Indeed, recent reports demonstrated that impairment
in the Na�-K�-ATPase activity during apoptosis is also regu-
lated by GSH depletion (76, 83).
The role of GSH in distinct cell processes, including apopto-

sis, has been mainly ascribed to its potent antioxidant proper-
ties. A wide variety of ion channels and transporters are regu-
lated by ROS (37, 84, 85). Recent reports have shown that AVD
and the activation of ion channels involved in the progres-
sion of apoptosis are modulated by ROS (37, 38). Further-
more, some studies have demonstrated inhibition of AVD
and ion channels by extracellular thiols, but this was associ-
ated with ROS generation (37). We have shown that the reg-
ulation of apoptosis by changes in GSH content is independ-
ent from the excessive accumulation of ROS and oxidative

stress (34). Thus other mechanisms distinct from ROS for-
mation must be involved in the regulation of AVD and ionic
homeostasis by GSH depletion.
Glutathione is freely distributed in the cytosol, reaching a

concentration of up to 10 mM in some cells (8, 9), which sug-
gests that its loss might contribute to the osmotic imbalance
required for cell shrinkage during apoptosis. We demonstrate
that the regulation of AVD by GSH depletion involves further
modulation of ionic conductances. Glutathione is negatively
charged at physiological pH within the cell (as a thiolate anion
GS�), whichmight suggest thatGSHefflux acts as a counter ion
for themajor loss of cations and the concomitant cell shrinkage.
Thus, it is likely that GSH loss is coupled to the changes in ionic
homeostasis by its electrical charge. However, our previous
studies suggest that GSH loss occurs through a GSH/organic
anion (OA�) exchangewith characteristics of an SLCO/organic
anion-transporting polypeptide, which has been shown to have
a stoichiometry of 1(GSH) to 1(OA�) (86–88). If this is true,
then GSH loss should contribute neither to the osmotic imbal-
ance that induces cell shrinkage nor as a counter ion for cation
efflux during apoptosis. Glutathione depletion during apopto-
sis has been also suggested to bemediated by the ATP-depend-
ent multidrug resistance proteins (ABCC/MRPs) (12, 16, 32,
89–91). In contrast, we and others have shown that inhibition
of MRP transport accelerates the progression of apoptosis (22,
34, 92). Ballatori and co-workers (93) recently demonstrated
that overexpression of MRP1 protects rather than stimulates
Fas-induced apoptosis. It is clear then that further studies are
required to clearly elucidate themolecular identity of the trans-
porter(s) mediating GSH loss during apoptosis and the mecha-
nisms regulating this process.
Glutathione depletion might have an indirect effect on AVD

and ionic conductances.We also report here that the regulatory
role of GSH on both apoptosis and the activation of ionic con-
ductances still depends on its thiol group (�SH). Thiol/disul-
fide exchange reactions at the level of cysteine residues in pro-
teins depend on the �SH group of GSH and have been
suggested to regulate the progression of apoptosis (68, 94),
Thiol-exchange reactions might also be involved in the regula-
tion of ion channels and changes in the ionic homeostasis of the
cell. In fact, previous reports demonstrate that sulfhydryl
groups within cytosolic cysteine domains of ion channels
directly modulate channel activity (95–97).
Apoptosis has been shown to induce both GSH depletion by

its efflux (20–23, 32, 33, 65), and inhibition of its synthesis by
caspase-mediated cleavage of the �-glutamylcysteine synthe-
tase (66, 67). Here we demonstrate that apoptosis can indeed be
induced by both inhibition of its synthesis with BSO and acti-
vation of its efflux transport (withMK571) in the absence of any
apoptotic stimuli. In conclusion, changes in intracellular GSH
are required for the changes in ionic homeostasis that regulate

FIGURE 8. GSH depletion induces apoptosis in the absence of an apoptotic stimuli. Apoptosis was assessed by phosphatidylserine externalization (annexin
V binding), loss of plasma membrane integrity or cell viability (PI) (A and B), and the appearance of morphological features such as cell shrinkage and nuclei
condensation assessed by DIC optics (C). Cells were preincubated with BSO (200 �M, 24 h) and then treated with FasL or MK571 (50 �M) for 4 h in the presence
or absence of high extracellular GSH (25 mM). 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 (a). Loss of plasma
membrane integrity or cell viability in later stages of apoptosis (also named late necrosis) is reflected as an increase in both PI and FITC fluorescence (c). The
contour plots and images are representative of n � 3 independent experiments.
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AVD and apoptosis.Moreover, GSH loss regulates the progres-
sion of the execution phase of apoptosis, at least in part, by
modulation of K� loss. Finally, apoptosis can be induced by
both GSH synthesis inhibition and stimulation of GSH trans-
port in the absence of any apoptotic stimuli. Together, these
results suggest that GSH depletion and K� loss are part of the
permissive apoptotic environment required for the progression
of the cell demise.
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