
INTRODUCTION

THE APOPTOTIC PATHWAY activated by chemical or physical
stresses such as ultraviolet and � radiations, growth fac-

tor withdrawal, and prooxidant molecules has been defined as
the “mitochondrial pathway” because these organelles are the
place where well characterized and crucial events for com-
mitment of apoptosis occur. Particularly, cytochrome c re-
lease into the cytosol is the primary event for the formation of
the apoptosome, a multimolecular complex that mediates the
activation of the upstream cysteine protease (caspase-9), which
in turn proteolyzes and activates the executioner downstream
caspases (caspase-3, -6, and -7) (5, 31). Cytochrome c can be
released from the intermembrane space into the cytosol through
pores formed by specialized proteins such as Bax, a proapop-
totic member of the Bcl-2 superfamily (22), or by the opening
of existing pores functioning within the energy metabolism (18).

Moreover, other proapoptotic factors are resident in mito-
chondria. Smac (second mitochondria-derived activator of cas-
pases) and its murine homologue DIABLO (direct IAP-binding
protein with low pI) have been described to bind specific in-
hibitors of apoptotic proteins (IAPs) in order to induce pro-
grammed cell death (1). The interactions between cytosolic
(IAPs) and mitochondrial (Smac/DIABLO, cytochrome c) pro-
teins modulate caspase activation, which in turn can induce or
inhibit apoptosis. Apoptosis-inducing factor (AIF), a flavoprotein
with oxidoreductase function, can be released also in response
to apoptotic stimuli, and upon translocation into the nucleus
it can induce caspase-independent apoptotic cell death (6).

Mitochondria are also the main source of reactive oxygen
species (ROS) as by-product of oxygen consumption either
under physiological conditions or as secondary effect of apopto-
sis execution. In particular, several apoptotic inducers are pro-
oxidant agents, and various proteins and apoptotic pathways
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ABSTRACT

Alteration of glutathione (GSH) homeostasis represents one of the earliest events during the commitment of
stress-induced apoptosis. Extrusion of GSH into the extracellular milieu, in response to several oxidative stim-
uli, has been suggested as a molecular switch triggering apoptosis. However, chemical depletion of GSH does
not induce cell death even though cytochrome c release from mitochondria has been observed. Here we report
that U937 cells treated with buthionine sulfoximine (BSO) are able to survive and to inhibit the apoptotic pro-
gram downstream of cytochrome c release. BSO treatment induces a highly significant decrease of GSH in
both the cytosolic and mitochondrial fractions. The concomitant release of cytochrome c into the cytosol was
associated with nuclear translocation of apoptosis-inducing factor. GSH depletion also resulted in reactive
oxygen species production and in a specific increase of mitochondrial protein carbonyls. However, all these
events were transiently present inside cells and efficiently counteracted by cell-repairing systems. We ob-
served an increase in the proteasome activity and in the expression levels of heat shock protein 27 (Hsp27) and
Hsp70. Moreover, nuclear factor-�B (NF-�B) was activated in our system as a survival cell response against
the oxidative injury. Overall results suggest that activation of NF-�B and Hsp could allow cell adaptation and
survival under exhaustive GSH depletion. Antioxid. Redox Signal. 7, 446–455.
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are inhibited by antioxidants, as well as by overexpression of
the antiapoptotic protein Bcl-2 by way of the antioxidant path-
way (19). Among different antioxidant systems operative in
the cell in order to buffer the ROS-mediated oxidative dam-
age, glutathione (GSH) represents the most important low-
molecular-weight antioxidant (8); it participates in reactions
normally opposed to ROS production, e.g., that catalyzed by
glutathione peroxidase (10). Moreover, different apoptotic agents
induce an early active extrusion of GSH from cells leading to
widespread mitochondrial damage and to cytochrome c re-
lease from the intermembrane space into the cytosol (11, 14).
However, the latter process was not directly related to induc-
tion of the apoptotic process because cell viability, in several
experimental systems, was not affected when the depletion of
the tripeptide was obtained by chemical inhibition of its syn-
thesis (16).

Heat shock proteins (Hsps) have recently been found to in-
teract negatively with the apoptotic mitochondrial machinery.
It has been demonstrated that Hsp70 has the capability to in-
teract and recruit apoptosis protease-activating factor 1 (Apaf1)
and to antagonize AIF (26, 30), whereas Hsp27 can bind cy-
tochrome c in order to prevent apoptosome oligomerization
and activation (4). Hsps are ubiquitous and highly conserved
proteins whose expression is induced in response to a wide
variety of physiological and stress insults (13); they act as
molecular chaperones by helping the refolding of misfolded
proteins and assisting their elimination when they become ir-
reversibly damaged. Hsp synthesis is tightly regulated at the
transcriptional level by heat shock factors (HSFs). Although
various HSFs were reported, HSF1 was shown to be the main
regulator of the short-term induction. Under resting conditions,
HSF1 is found to be associated with the inhibitory subunits
Hsp90 and Hsp70. Upon chemical or physical insults, such as
heat shock or oxidative stress, incorrectly folded proteins re-
cruit Hsp90 and Hsp70, leaving HSF1 free to trimerize, auto-
phosphorylate, and translocate into the nucleus where it acti-
vates hsp gene transcription (25). The antiapoptotic action of
Hsps is also mediated by the interaction of specific isoforms
with proteins that generate a survival signal in response to
different stimuli (24). For instance, Hsp90 interacts with and
stabilizes RIP-1 kinase and serine threonine kinase (Akt/pro-
tein kinase B), proteins that connect death receptors or growth
factor stimulation to nuclear factor-�B (NF-�B) activation
(20). NF-�B is important for the expression of a wide variety
of genes that are involved in cell proliferation and survival. In
unstimulated cells, NF-�B is predominantly localized in the
cytoplasm and is associated with the inhibitory protein I�B.
The several steps of activation of this nuclear factor involve
the ubiquitin/proteasome system, including maturation of the
transcription factor subunits, activation of I�B kinases, and
degradation of I�B (20). In fact, upon cell stimulation, a spe-
cific I�B protein kinase catalyzes the phosphorylative modi-
fication of I�B, thus targeting it for a rapid degradation via
the ubiquitin/proteasome pathway and leaving NF-�B free to
translocate into the nucleus where it transactivates transcrip-
tion of target genes (17). It has also been reported that Hsp27
facilitates phosphorylated and ubiquitylated I�B proteolytic
degradation (24). The mitochondrial cell death pathway seems
to be profoundly affected by Hsp especially when the inducer
of apoptosis is a stress-related factor.
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To explore directly the role of GSH in the induction of
apoptosis, we have investigated the effects of GSH depletion
in U937 cells. Here we report that treatment with buthionine
sulfoximine (BSO), a specific inhibitor of GSH synthesis, in-
duced a time-dependent loss of the tripeptide. This decrease
was associated with an efficient release of cytochrome c into
the cytosol, nuclear translocation of AIF, and increased ROS
production without significant commitment to cell death at
longer time points. An increase of the Hsp70 and Hsp27 ex-
pression levels, in addition to HSF1 activation, efficiently
buffered the events downstream of GSH depletion. NF-�B in-
duction was also observed, thus cooperating in allowing cell
survival under oxidative conditions.

MATERIALS AND METHODS

Cell cultures, treatments, and determination of 
cell death

Human promonocytic cell line U937 and T-cell leukemia
cell line CEM were purchased from European Type Culture
Collection and grown in RPMI 1640 medium supplemented
with 10% fetal bovine serum at 37°C in an atmosphere con-
taining 5% CO2. Cells were routinely collected by centrifuga-
tion at 700 g and resuspended in fresh medium at a concentra-
tion of 2 � 105/ml.

BSO (Sigma Chemical Co., St. Louis, MO, U.S.A.), a spe-
cific inhibitor of �-glutamylcysteine synthetase, was added in
culture medium at a concentration of 1 mM.

Puromycin (Sigma), a well characterized aminonucleoside
antibiotic and apoptotic inducer, was prepared just before the
experiments and used at a concentration of 10 µM for 6 h.

Cell viability was assessed by trypan blue exclusion. Alter-
natively, cells were washed in phosphate-buffered saline (PBS),
stained with 50 µg/ml propidium iodide, and analyzed by a
FACScalibur instrument (Becton Dickinson, San Jose, CA,
U.S.A.). The percentages of apoptotic cells were evaluated
according to Nicoletti et al. (23) by calculating peak area of
hypodiploid nuclei.

GSH determination and other assays

Intracellular GSH was assayed upon formation of S-car-
boxymethyl derivatives of free thiols with iodoacetic acid, fol-
lowed by the conversion of free amino groups to 2,4-dinitrophenyl
derivatives by the reaction with 1-fluoro-2,4-dinitrobenzene as de-
scribed by Reed et al. (27). Cell suspension was washed three
times with PBS, resuspended, and lysed by repeated cycles of
freezing and thawing under liquid nitrogen. Lysates were then uti-
lized for GSH/GSSG assay prior to derivatization, as described
previously (9). Data are expressed as nanomoles of GSH per mil-
ligram of protein.

Measurement of intracellular ROS

U937 cells were incubated in culture medium with 5 µM
dihydrorhodamine 123 (DHR 123) (Molecular Probes, Eu-
gene, OR, U.S.A.) for 30 min at 37°C, pelletted, washed, and
resuspended in ice-cold PBS. The fluorescence intensities of
hydrorhodamine 123, formed by the reaction of DHR 123
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with ROS, of >10,000 cells from each sample, were analyzed
by recording FL-2 fluorescence by a flow cytometer. Experi-
ments were repeated at least three times with similar results.
The data are given as one representative histogram.

Cell fractionation and protein extraction

Total protein extracts were obtained by disrupting cells
with 30 min of incubation on ice in lysis buffer containing 50
mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.1% Tri-
ton X-100, and protease inhibitor cocktail (Sigma). Super-
natants obtained after centrifugation at 22,300 g for 20 min
were used for the experiments.

Cell fractions were obtained by incubating in ice 9 � 106

cells in 0.2 ml of a hypotonic medium containing 10 mM Tris-
HCl, pH 7.5, 15 mM MgCl2, 10 mM KCl, and protease in-
hibitor cocktail. After 10 min on ice, equal volumes of a “mi-
tochondrial” buffer containing 400 mM sucrose, 10 mM TES,
0.1 mM EGTA, and 2 µM dithiothreitol, pH 7.2, was added,
and cells were disrupted by 40 strokes in a glass Dounce. Pel-
lets, obtained after centrifugation of lysates at 900 g for 10
min, were considered as nuclear-enriched fractions. Mitochondria-
containing supernatants were further centrifuged at 10,000 g
for 15 min to finally separate organelles (pellet) from the cy-
tosolic enriched fraction (super). For protein determination,
mitochondria and nuclei were lysed in lysis buffer.

Immunoblots

Proteins were boiled in sodium dodecyl sulfate (SDS)-con-
taining sample buffer, electrophoresed on SDS-polyacrylamide
gels, and blotted onto nitrocellulose membranes. Membranes
were stained with primary antibodies, and after incubation with
the appropriate horseradish peroxidase-conjugated secondary an-
tibodies, immunoreactive bands were detected by an enhanced
chemiluminescence kit (Pierce, Rockford, IL, U.S.A.). The pri-
mary antibodies used were monoclonals anti-cytochrome c
(Pharmingen, San Jose, CA, U.S.A.), anti-Hsp90 (Transduction
Laboratories, San Jose, CA, U.S.A.), anti-Hsp27, and anti-Hsp-
70 (Stressgen, Victoria, BC, Canada), and polyclonals anti-HSF1
antibody (Stressgen), anti-NF-�B (Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.), anti-phospho-NF-�B (Cell Signaling
Technology, New England BioLabs, Beverly, MA, U.S.A.), anti-
I�B-� (Upstate Biotechnology, Lake Placid, NY, U.S.A.), anti-
Smac/DIABLO, and anti-AIF (Biomol Research Laboratories,
Plymouth Meeting, PA, U.S.A.).

Carbonylated proteins were detected using the Oxyblot Kit
(Intergen Company, Purchase, NY, U.S.A.). In brief, 20 µg of
proteins was reacted with 2,4-dinitrophenylhydrazine (DNP)
for 15 min at 25°C. Samples were resolved on 12% SDS-
polyacrylamide gels, and DNP-derivatized proteins were iden-
tified by immunoblot using an anti-DNP antibody.

Densitometric analyses of protein bands were performed
by the Software Gel Pro Analyzer.

Data are presented as a representative immunoblot of three
giving similar results.

Measurement of proteasome activity

Cells were lysed in 100 mM HEPES, 10% sucrose, and
0.1% CHAPS. Then 50 µl of lysates was incubated for 30 min
at 37°C in 150 µl of 5 mM MgCl2, 50 mM Tris-HCl, pH 7.8,
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20 mM KCl, 5 mM magnesium acetate, 10 mM dithiothreitol.
Specific proteasome substrate Suc-LLVY-AMC (Calbiochem–
Novabiochem Corp., La Jolla, CA, U.S.A.), which detects
chymotrypsin-like activity of proteasome, was added at 50
µM. The reaction was stopped by addition of 200 µl of cold
ethanol. The cleavage of substrate was monitored fluorimetri-
cally using a PerkinElmer luminescence spectrometer LS-5 at
460 nm (excitation at 380 nm). Data are expressed as arbi-
trary units of fluorescence per milligram of proteins.

Immunoprecipitation

Three hundred micrograms of protein was incubated in
lysis buffer with 10 µl of polyclonal anti-HSF1 antibody to a
total volume of 300 µl for 2 h at 4°C. Immunocomplexes were
adsorbed with 20 µl of protein A-Sepharose for 30 min at 4°C.
After three washes with lysis buffer, immune pellets were
boiled in SDS sample buffer. Fifty microliters of proteins was
loaded on 15% SDS-polyacrylamide gel and transferred to
nitrocellulose. Monoclonal anti-Hsp90 antibody was used as
primary antibody (1:10,000).

Proteins were determined by the method of Lowry et al.
(21).

Data presentation

Data are expressed as means ± SD, and significance was
assessed by Student’s t test. Differences with p values <0.05
were considered significant.

RESULTS

Cytochrome c release and apoptosis are not linked
events upon GSH depletion

Cytochrome c release from mitochondria represents one
of the most important events in response to stress-mediated
apoptosis that allow apoptosome formation and caspase acti-
vation (5). A redox-mediated mechanism for keeping this pro-
tein in the mitochondrial intermembrane space has been sug-
gested, as alterations in the GSH redox state induce both
cytochrome c release and a rapid induction of the apoptotic
mitochondrial pathway (14). However, chemical depletion of
GSH does not necessarily result in cell death, implying not a
straightforward correlation between the two processes (16).
We studied the effects of GSH depletion in promonocytic
U937 cells upon treatment with BSO, a specific inhibitor of
GSH synthesis. Total cell lysates or cytosolic and mitochon-
drial fractions were prepared and used for analyses of GSH
content by HPLC and cytochrome c protein level by western
blotting. Figure 1A shows that 1 mM BSO induced a time-
dependent decrease of GSH up to 12 h of treatment, which
became under the limit of detection at 24 h (data not shown).
Moreover, the decrease observed influenced the cytosolic as
well as the mitochondrial pool, whereas the nuclear-enriched
fraction seemed to be less susceptible (Fig. 1B). A concomi-
tant transient release of cytochrome c into the cytosol was
also observed. Its immunoreactive band became detectable in
the cytosolic fraction following 1 h of treatment, peaked be-
tween 3 and 6 h, and slowly declined to basal levels over 12 h
(Fig. 1C). To determine whether cytochrome c release was di-
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rectly associated with induction of apoptosis, we performed
cytofluorimetric analyses of cell nuclei stained with propid-
ium iodide. Results shown in Fig. 1D illustrate the percentage
of apoptotic U937 cells (hypodiploid nuclei) upon treatment
with 1 mM BSO. In particular, whereas a slight cytotoxic ef-
fect was observed upon 12 h of treatment, as evidenced by the
rise in the commitment of cells to apoptosis (+30% of apop-
totic population with respect to the values assessed in control
cells), longer incubations (24 h) showed no further increase
in the percentage of dead cells. Moreover, total cell popula-
tion was not significantly affected by BSO treatment at both
24 and 48 h (data not shown). These results indicated that the
induction of apoptosis was not time-dependent and, at the same
time, suggested the existence of efficient repairing mecha-
nisms activated by cells able to abolish the induction of apop-
tosis downstream of cytochrome c release, even under non-
physiological oxidant conditions.
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BSO-mediated GSH decrease induces nuclear
translocation of AIF

The induction of apoptosis via the mitochondrial pathway
is a complex process that does not necessarily involve changes
in the expression level of specific proteins, but rather impli-
cates the translocation of a few proteins between mitochon-
dria and cytosol, where cytochrome c release represents the
first step in the apoptosome formation and caspase activation.
To assess whether BSO treatment induced changes in the lo-
calization of proapoptotic proteins involved in the activation
of the mitochondrial pathway other than cytochrome c, we
performed western blot analyses of cellular fractions. Figure
2 shows Smac/DIABLO and AIF expression levels in mito-
chondria, cytosol, and/or nuclei, according to the compartment
in which the proteins act to induce apoptosis. Treatment with
1 mM BSO did not affect the distribution of Smac/DIABLO,

FIG. 1. GSH depletion causes a transient release of cytochrome c and a recoverable apoptotic cell death. (A) U937 cells
were treated with 1 mM BSO. Intracellular GSH content was measured in total cell lysates by HPLC. Data are expressed as means
± SD (n = 6). (B) U937 cells were treated for 4 h with 1 mM BSO. GSH content was measured in cytosolic, mitochondrial, and nu-
clear fractions by HPLC. Data are expressed as means ± SD (n =3). (C) Cytochrome c protein levels were determined after treat-
ment with 1 mM BSO by immunoblot analysis using a monoclonal antibody. Either 5 µg of proteins from mitochondrial or 25 µg
from cytosolic fractions was loaded. Immunoblot is from one experiment representative of three that gave similar results. (D)
U937 cells were treated with 1 mM BSO for 12 or 24 h. Apoptotic cells were detected by cytofluorimetric analysis upon staining
with propidium iodide. Data are expressed as means ± SD (n = 5). *p < 0.01.
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as the intensities of the immunoreactive bands remained un-
changed during the time points analyzed (Fig. 2A), whereas a
rapid translocation of AIF in the nuclear compartment was
observed (Fig. 2B). Moreover, the kinetics of AIF transloca-
tion mirrors the cytochrome c release into the cytosol; in fact,
at 12 h, we observed the recovery of AIF into the mitochondrial
compartment. These results suggest that GSH depletion was
able to induce both release of cytochrome c into the cytosol
and AIF nuclear translocation, but did not influence localiza-
tion of Smac/DIABLO. Figure 2 also reports the levels of
Smac/DIABLO and AIF after treatment with 10 µM puro-
mycin, used as positive control, because it has been previ-
ously reported that this compound is an efficient apoptotic in-
ducer in U937 cells (15). After 6 h of treatment, a significant
translocation of Smac/DIABLO and AIF from the mitochon-
dria into the cytosol and nucleus, respectively, was observed.
These results were in agreement with cytofluorimetric analy-
ses of apoptotic cells that accounted for 67.5% of the total
cell population (data not shown).

GSH depletion induces mitochondria-specific
oxidative insult and proteasome activation

Mitochondria represent the main source of ROS that under
physiological conditions accounted for 2% of the electrons
transported along the mitochondrial chain. Antioxidant enzymes
and GSH are present in these organelles to counteract the
damaging effects of ROS. Under BSO treatment, the signifi-
cant decline in mitochondrial GSH content and the release of
cytochrome c into the cytosolic compartment suggests a po-
tential harmful condition for these organelles in terms of ROS
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production. To test this hypothesis, we treated U937 cells
with the peroxide- and hydroxyl radical-sensitive fluorophore
DHR 123 and assayed ROS level by cytofluorimetric analy-
ses. Figure 3A shows that U937 cells treated with 1 mM BSO
were subjected to a higher flux of ROS than untreated cells;
this increase was significantly different from controls starting
from 6 h and reaching the maximum level at 12 h of treatment.
However, analyses performed after 24 h showed that fluores-
cence of BSO-treated cells was superimposable on that of
control cells (Fig. 3A).

Proteins could represent a specific target of ROS insult re-
sulting in the oxidation of specific residues and in increase in
carbonyl content (3). Cytosolic and mitochondrial extracts
were derivatized with DNP and electrophoresed on 10% SDS-
polyacrylamide gel. Figure 3B shows a typical ladder of car-
bonylated proteins of the mitochondrial fraction evidenced by
western blot analyses. A time-dependent increase of carbonyl
immunoreactive bands during the first 12 h was detected (+35%),
whereas no difference could be observed after 24 h of BSO
treatment. On the other hand, cytosolic extracts from BSO-
treated cells did not exhibit any significant difference in the
intensity of the immunoreactive bands with respect to control
values (data not shown), indicating a more specific oxidative
insult for mitochondria during GSH loss.

Under stress conditions, such as increased production of ROS,
which are able to alter protein structure and function irre-
versibly, cell survival is often assured by the capability of cells
to clear damaged proteins by the activity of proteasome ma-
chinery. Figure 3C shows that proteasome chymotrypsin-like
activity was significantly induced upon treatment with 1 mM
BSO as soon as 3–6 h after drug addition (+30%) and slowly
decreased during the following 24 h.

Hsps and NF-�B systems are activated during cell
response to BSO-mediated GSH loss

The data obtained so far indicated that the potentially harm-
ful effects due to GSH depletion did not result in cell death,
suggesting a possible induction of defense mechanisms able
to inhibit the apoptotic machinery downstream of cytochrome
c release and/or ROS production. It has been proposed that
Hsp27 and Hsp70 are able to counteract apoptosis by binding
cytochrome c and Apaf1, thus inactivating apoptosome for-
mation (4, 30). To test whether the Hsp system was operative
also in our experimental model, thus representing a putative
buffer response to cytochrome c release from mitochondria,
we performed western blot analyses of proteins involved in
this process, starting from the upstream Hsp transcription fac-
tor HSF1. Figure 4A shows a typical immunoblot of U937 nu-
clear extracts during the first 12 h of treatment with 1 mM BSO.
GSH depletion was able to activate the heat shock response
by transiently increasing the presence of the phosphorylated
isoform of HSF1 within the nuclear compartment, letting us
hypothesize an increase in downstream gene transcription. This
transcription factor is physiologically present as a dephospho-
rylated and inactive protein due to inhibitory binding of Hsp70
and Hsp90. To be functionally active, HSF1 has to dissociate
from the inhibitory subunits, phosphorylate, trimerize, and trans-
locate into the nucleus, where it acts as inducer of heat shock
gene transcription (25). After BSO treatment, total cell lysates

FIG. 2. GSH depletion induces the translocation of AIF.
U937 cells were treated at different time points with 1 mM
BSO. Smac/Diablo (A) and AIF (B) protein levels were deter-
mined by immunoblot analysis using polyclonal antibodies.
Twenty-five micrograms of proteins from mitochondrial, nu-
clear, or cytosolic fractions was loaded. The figure also reports
the data obtained upon treatment with 10 µM puromycin (PMC)
for 6 h, as positive control. Immunoblots are from one experi-
ment representative of two that gave similar results.
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were immunoprecipitated with an antibody against HSF1, and
the Hsp90/HSF1 heterocomplex was measured by performing
western blot analyses with an antibody anti-Hsp90. Figure 4A
shows a time-dependent decrease of the Hsp90-immunoreac-
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tive band during the time points analyzed, suggesting that dis-
sociation between the two proteins occurred upon BSO treat-
ment. Once activated, HSF1 induces Hsp27 and Hsp70 gene
transcription, which results in the increase of the expression

FIG. 3. GSH depletion results in oxidative imbalance and proteasome activation. (A) U937 cells were treated at different
time points with 1 mM BSO. Intracellular ROS concentration was detected by cytofluorimetric analysis after 30-min incubation
with 5 µM DHR 123. Histograms derived from a representative experiment of four that gave similar results are shown. (B) Protein
carbonyls of mitochondrial fractions were identified upon derivatization with DNP, followed by immunoelectrophoresis using a
polyclonal anti-DNP antibody. Twenty micrograms of proteins was loaded onto each lane. Immunoblot is from one experiment
representative of three that gave similar results. (C) Chymotrypsin-like activity of proteasome was determined by following the
cleavage of the fluorogenic substrate Suc-LLVY-AMC. Data are expressed as means ± SD (n = 6). *p < 0.01; **p < 0.001.
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levels of these two proteins. Under our experimental condi-
tions, this process also occurred as western blot analyses of
total cell lysates showed a time-dependent increase of Hsp27
and Hsp70 (Fig. 4B), whereas Hsp90-immunoreactive bands
remained unchanged during the time points observed.

It has been suggested that Hsp could also inhibit apoptosis
by facilitating the induction of survival proteins (13). One of
these proteins is NF-�B, whose several steps of activation in-
volve proteolytic degradation of regulatory proteins. Hsp27
seems to facilitate phosphorylated and ubiquitylated I�B-�
proteolytic degradation (24); therefore, we measured the ex-
pression levels of I�B-� upon BSO treatment. Figure 5A shows
that I�B-� expression level significantly decreases in total
lysates. This event was also associated with a concomitant ap-
pearance of NF-�B-immunoreactive bands in the nuclear frac-
tion starting from 1 h after BSO treatment (Fig. 5B). The acti-
vation of NF-�B was nicely supported by the evidence of a
simultaneous increase in the level of its phosphorylated iso-
form in the nuclear fraction. This result could explain the re-
covery of cell survival upon the earlier induction of cell death.

BSO triggers apoptosis in cells that are not able to
induce Hsp-mediated response

BSO treatment was associated with apoptosis in various
cell lineages different from U937 (2, 12). We used leukemia
CEM cells to investigate the differences of cell response to
GSH depletion with respect to the resistant U937 cells. As
shown in Fig. 6A, upon BSO treatment, CEM cells underwent
a very rapid decrease in intracellular GSH levels, reaching
65.5% decrement after 1 h. Cytofluorimetric analyses of hy-
podiploid nuclei stained with propidium iodide evidenced an
increase in apoptosis percentage starting from 12 h (12%) and
reaching values close to 30% of the total population after 24 h
of treatment with 1 mM BSO (Fig. 6B).

To correlate cell death to an alteration in the buffer re-
sponse observed in U937 cells, we performed western blot
analyses of Hsp27 and Hsp70. As shown in Fig. 6C, whereas
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Hsp70 expression levels did not significantly change during
12 h of treatment with BSO, Hsp27 rapidly decreased, sug-
gesting that not only was an antiapoptotic response to GSH
depletion not induced, but also the activation of Hsp trans-
cription was selectively inhibited.

FIG. 4. GSH depletion induces the activation of Hsp system. (A) U937 cells were treated at different time points with 1 mM
BSO. HSF1 protein levels were detected by immunoblot analysis using a polyclonal antibody. Twenty-five micrograms of protein
from nuclear fractions was loaded onto each lane (upper panel) (P-HSF1: phosphorylated isoform). Three hundred micrograms
of total protein extracts was incubated with an anti-HSF1 polyclonal antibody, and 50 µl of immunoprecipitates was applied onto
each lane. Hsp90/HSF1 heterocomplexes were detected by immunoblot analysis with a monoclonal anti-Hsp90 antibody (bottom
panel). (B) Hsp27, Hsp70, and Hsp90 protein levels were detected by immunoblot analysis using monoclonal antibodies. Ten mi-
crograms of total protein extracts was loaded onto each lane. Immunoblots are from one experiment representative of three that
gave similar results.

FIG. 5. GSH depletion induces activation of NF-�B. (A)
U937 cells were treated at different time points with 1 mM
BSO. I�B-� protein levels were detected by immunoblot analy-
sis using a polyclonal antibody. Twenty-five micrograms of
total protein extracts was loaded onto each lane. (B) U937 cells
were treated at different time points with 1 mM BSO. NF-�B
protein levels were detected by immunoblot analysis using a
polyclonal antibody. Twenty-five micrograms of protein from
nuclear fractions was loaded onto each lane. Immunoblots are
from one experiment representative of three that gave similar
results.
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DISCUSSION

Apoptotic cell death is triggered by extrinsic receptor-
mediated and intrinsic mitochondria-mediated signaling path-
ways. Moreover, depending on cell type, the receptor-mediated
pathway recruits the mitochondrial death machinery in order
to allow apoptosis (7); therefore, mitochondria are considered
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to play a central role in the execution of the cell death pro-
gram. The release of cytochrome c from mitochondria is a
critical early event in the mechanism of apoptosis, allowing
apoptosome formation and caspase activation (5). Different
mechanisms have been postulated to concur in determining this
event; however, the entire process(es) remains elusive. An ad-
ditional intriguing aspect is that referring to the capability of
GSH to modulate the localization of cytochrome c, depending
on its concentration and/or redox state (16, 18). In fact, the
occurrence of a massive extrusion of GSH from the intracel-
lular compartment into the extracellular medium is also a well
established early event during the phases characterizing cell
death commitment (14). However, in several experimental sys-
tems, in the absence of specific death stimuli, the depletion of
GSH alone was not able to mediate the activation of the apop-
totic program. On the other hand, we previously demonstrated
that this process was sufficient to induce the release of cyto-
chrome c from the mitochondrial intermembrane space (16).
Therefore, the results reported in this article, obtained with
promonocytic U937 cells, although in line with our previous
data, highlight the mechanisms by which cells counteract ox-
idative stress due to GSH depletion, allowing survival even in
the presence of cytosolic cytochrome c. Here we demonstrated
that BSO induces a time-dependent decrease of GSH and, at
the same time, cytochrome c is released from mitochondria as
soon as 1 h after treatment. Moreover, cytochrome c release
was associated with AIF nuclear translocation, but not related
to Smac/DIABLO relocalization. Therefore, we hypothesize
that cytochrome c release and AIF translocation could pro-
ceed through different modalities: one occurs in response to
GSH depletion and could be restored by cells; the other may
rely on the pore-forming property of proapoptotic members
of the Bcl-XL family proteins in the presence of apoptotic in-
ducers. As a result of the oxidative imbalance, we observed a
mild increase in the apoptotic cell population after 12 h of
BSO treatment. This increase was very low compared with the
total cell population (7.21% versus 5.20% of untreated cells),
but significantly different (+30%) with respect to the apop-
totic cells. The most important aspect was the result obtained
at 24 h after BSO treatment, where we did not determine a
further increase in apoptotic cells, still being +30% of the apop-
totic population. On the other hand, total cell number at this
time point was similar between control and BSO-treated cells.
These data, together with the temporary presence of cyto-
chrome c within the cytosol and AIF in the nucleus, suggest
the induction of cellular systems able to clear these potentially
harmful proteins in order to inhibit their further release and,
at the same time, to recover and/or induce cell proliferation.

Furthermore, as a result of the redox imbalance, due to
GSH depletion, we observed an increase in ROS and, particu-
larly in the mitochondrial fraction, protein oxidation—phe-
nomena that, again, were also rapidly counteracted by cells.
In fact, we observed a complete recover of both protein car-
bonyls and ROS increase 24 h after treatment. It is notewor-
thy to point out that GSH at this time point was under the de-
tection limit; thus, the repairing systems were operative under
extremely oxidant conditions. Among the cytoprotective sys-
tems that could be activated by oxidative stress, Hsps repre-
sent a well established example. Under our experimental con-
ditions, we evidenced a rapid activation of the transcription

FIG. 6. GSH depletion induces cell death and Hsp down-
regulation in CEM cells. (A) CEM cells were treated at differ-
ent time points with 1 mM BSO. Intracellular GSH content was
measured on total cell lysates by HPLC. Data are expressed as
means ± SD (n = 6). (B) CEM cells were treated with 1 mM
BSO at 6, 12, and 24 h. Apoptotic cells were detected by cyto-
fluorimetric analysis upon staining with propidium iodide.
Data are expressed as means ± SD (n = 5). **p < 0.001. (C)
Hsp27 and Hsp70 protein levels were detected by immunoblot
analysis using monoclonal antibodies. Ten micrograms of total
protein extracts was loaded onto each lane. Immunoblot is from
one experiment representative of three that gave similar results.
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factor HSF1 and the induction of the expression of its down-
stream factors Hsp27 and Hsp70. The presence of the active
isoform of HSF1 in nuclear extracts and the time-dependent
dissociation from its inhibitory partner Hsp90 are evidence
that strongly suggest a rapid activation of Hsp response. In-
duction of Hsp27 and Hsp70 nicely explains the recovery of
cell death, as recent observations have demonstrated that these
proteins can inhibit apoptosis by various distinct mechanisms
(24). In particular, Hsp27 could increase the antioxidant de-
fense of cells by decreasing ROS content and neutralizing the
toxic effect of oxidized proteins (28); it prevents the forma-
tion of apoptosome by directly sequestering cytochrome c once
released into the cytosol (4). In addition, it has been reported
that Hsp70 prevents the AIF-induced chromatin condensation
of purified nuclei, as well as protects cells from the apopto-
genic effects of AIF targeted to the extramitochondrial com-
partment (30). The capability of Hsp70 to interact and recruit
Apaf1 in order to prevent apoptosome oligomerization has also
been demonstrated. All these antiapoptotic functions could be
used under our experimental conditions and could explain, at
least in part, the efficient recovery of cell death.

Another survival system that could be activated by oxidant
condition is represented by the proteasome, the major proteolytic
system involved in the degradation of the oxidatively damaged
proteins. This finding correlates with our results; in fact, we de-
termined an increase in the proteasome activity as soon as 3 h
after BSO treatment. This increase was still significant after 12 h
and declined to the basal level at 24 h. This trend correlates with
the cleared oxidized proteins and let us hypothesize an additional
role for Hsp27 in assisting cytosolic cytochrome c degradation
by proteasome. Indeed, the disappearance of cytosolic cyto-
chrome c observed after 12 h, without a further induction of
apoptosis, might be explained by a selective elimination of the
heme protein through the proteolytic action of proteasome.

The conclusions thus far discussed indicate that cells respond
to redox change due to GSH loss through at least two distinct
pathways: (a) they may buffer cytochrome c release and AIF
nuclear translocation by rapidly inducing the Hsp system, which
efficiently could counteract both the caspase-mediated and the
caspase-independent apoptosis; and (b) they may activate
proteasome machinery in order to eliminate oxidatively dam-
aged proteins and, most probably, cytosolic cytochrome c. We
could speculate that, under oxidative conditions, the absence
of a real apoptotic stimulus is able to shift the proteolytic cell
response from a widespread action, which completely destroys
cell structures (apoptosis), to a proteasome-mediated selec-
tive action, which is involved in cell clearance of damaged or
unwanted proteins (survival). Proteasome induction could also
represent the trigger of other survival responses activated by
the cell to counteract oxidative changes upon GSH depletion.
In fact, it has been proposed that proteasome can degrade
I�B-�, thus letting NF-�B be free to pass the nuclear mem-
brane and activate transcription of survival genes (21). NF-�B
seems to be activated in our system after BSO treatment, as
demonstrated by the rapid nuclear translocation of the p65
subunit and degradation of the inhibitory partner I�B-�. Fur-
thermore, activation of NF-�B could explain the recovery of
cell proliferation observed after 24 h of treatment with BSO
and can be strictly related to Hsp induction. In fact, it has
been demonstrated that Hsp27 facilitates I�B-� degradation
by the proteasome system (24).
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Another important aspect of GSH-mediated apoptosis is
that cells do not always survive BSO treatment, but often they
are induced to death. It has been reported that several cell lines
treated with BSO are committed to cell death with the fea-
tures of apoptosis (2, 12). In this report, we also demonstrated
that T-cell leukemia CEM cells underwent apoptosis after BSO
challenge. The apoptotic cell population was 12% after 12 h
of treatment and proportionally increased with time, reaching
a value close to 30% at 24 h. We observed that BSO treatment
in these cells was more effective, as GSH decrement was more
rapid (after 1 h of treatment, a 64.5% decrement in CEM cells
versus 18.2% in U937 cells was determined). This higher rate
of GSH depletion might explain, at least in part, the different
downstream cell responses. The Hsp system was not induced
in these cells, but rather a decrease in the expression levels of
both Hsp27 and Hsp70 was determined. This result suggests
the role played by these proteins in the survival of U937 cells,
but, we are not able to explain the different responses of the
two cell lines to BSO treatment. Work is in progress in our
laboratory to assess if the rate of GSH depletion could make
the difference. We also suggest that cell type could be an im-
portant factor in this network, at least in the case of U937
cells. They derived from monocytes where GSH is fundamen-
tal also for the phagocytic processes. It has been demonstrated
that, during phagocytosis, GSH content decreased by 80% dur-
ing the first 2 h of the process with a concomitant increase of
the tripeptide in the extracellular environment (29). Therefore,
macrophagic cells could be well equipped against GSH loss.
Whether cytochrome c is released during phagocytosis is cur-
rently under evaluation in our laboratory.
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ABBREVIATIONS

AIF, apoptosis-inducing factor; Apaf1, apoptosis protease-
activating factor 1; BSO, buthionine sulfoximine; DHR 123,
dihydrorhodamine 123; DIABLO, direct IAP-binding protein
with low pI; DNP, 2,4-dinitrophenylhydrazine; GSH, gluta-
thione; GSSG, glutathione disulfide; HSF, heat shock factor;
Hsp, heat shock protein; IAP, inhibitors of apoptotic proteins;
NF-�B, nuclear factor-�B; PBS, phosphate-buffered saline;
ROS, reactive oxygen species; SDS, sodium dodecyl sulfate;
Smac, second mitochondria-derived activator of caspases.
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