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ABSTRACT

The oncogene Bcl-2 has attracted recent research attention as recognition of the importance of Bcl-2 control over
apoptosis commitment in disease development and clinical response to therapy has been targeted for pharmaco-
logical intervention. Much of the basic science research regarding Bcl-2 has focused on the role that Bcl-2 plays
in directly regulating mitochondrial function. This has come about because of Bcl-2’s localization to mitochon-
drial membranes and its reported interaction with the mitochondrial megachannel. During the time that the mi-
tochondrial function of Bcl-2 was being investigated, a smaller, yet potentially as important, role for Bcl-2 was be-
ing pursued by investigators who were following up the initial study of Bcl-2 knockout mice. These mice ex-
pressed a phenotype consistent with that of mice exposed to chronic oxidative stress. This research into the redox
aspects of Bcl-2 function has led to a hypothesis that Bcl-2-expressing cells have enhanced antioxidant capacities
that suppress oxidative stress signals generated during the initiation phase of many apoptotic pathways. This re-
view will further develop the idea of Bcl-2’s role in regulating cellular redox pathways associated with apoptosis,
as well as integrate recently reported evidence that ties the antioxidant effects of Bcl-2 to mitochondrial function,

thereby unifying both mitochondrial and redox aspects of Bcl-2 function. Antiox. Redox Signal. 2, 537-550.

INTRODUCTION

N ADDITION TO ITS CRITICAL ROLE in organism

development, the process of cell deletion
known as apoptosis is now believed to be ab-
normally regulated in a number of different
human diseases such as cancer, certain auto-
immune disorders, AIDS, and various neuro-
degenerative diseases including Alzheimer’s
(Thompson, 1995). The need to understand fur-
ther the etiologies of these diseases has gener-
ated an intense effort to delineate further the
biochemical and molecular pathways involved
in the regulation of apoptosis. Some of the most
important aspects of this regulation appear to
be governed by the Bcl-2 family of genes
(Adams and Cory, 1998). This family of genes
has been especially implicated in cancer. Bcl-2

itself, the prototypic member of this family,
was originally discovered as the gene abnor-
mally expressed due to the t(14;18) transloca-
tion associated with follicular lymphoma. In
such cases, where Bcl-2 is abnormally ex-
pressed, apoptosis is blocked, leading to a sur-
vival advantage for the tumor cell. In spite of
extensive research, the mechanism by which
Bcl-2 blocks apoptosis remains elusive. How-
ever, the fact that Bcl-2 is localized in the mi-
tochondrial membrane has generated consid-
erable scrutiny of the role mitochondria play in
facilitating aspects of apoptosis and Bcl-2’s
ability to block them at that site in the cell
(Zamzami et al., 1998).

A seemingly independent aspect of Bcl-2's
function was initially discovered several years
ago but has not been actively pursued. In 1993,
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Hockenbery et al. (1993) reported that Bcl-2
functioned in an antioxidant pathway to pre-
vent apoptosis. This finding forms the basis for
a theory that has emerged subsequent to that
report suggesting that reactive oxygen species
(ROS) are generated during the process of
apoptosis and mediate at least part of the over-
all process (Buttke and Sandstrom, 1995; Slater
et al., 1995; Jacobson, 1996). An antioxidant ac-
tivity, presumably enhanced in Bcl-2-express-
ing cells, would act to block the ability of ROS
to mediate apoptosis. Recently, new evidence
to support this theory has been put forth. More-
over, this new data is not inconsistent with an
important role for mitochondrial functions in
the process of apoptosis and Bcl-2’s ability to
modulate these functions. The purpose of this
article is to review the evidence supporting Bcl-
2’s role in regulating cellular redox pathways
associated with apoptosis.

ROS AND ANTIOXIDANTS
IN APOPTOSIS

The suggestion by Hockenbery et al. (1993)
that Bcl-2 functioned in an antioxidant path-
way was based on their observation that mena-
dione- and hydrogen peroxide (H,O;)-induced
apoptosis was blocked in cells with enforced
Bcl-2 expression. Thus, the idea emerged that
ROS might be produced during apoptosis and
mediate downstream events associated with
the apoptotic process. These ROS could be sup-
pressed by antioxidants present in the cell and,
if Bcl-2 functioned in an antioxidant pathway,
Bcl-2’s inhibition of apoptosis could be ex-
plained on this basis. Two other reports that
came out at the same time as that of Hocken-
bery et al. also supported this idea. In the first,
Veis et al. (1993) examined the phenotype of
Bcl-2 knockout mice and found that they have
pathologies associated with defects in antioxi-
dant pathways. For example, these mice suf-
fered from severe polycystic kidney disease
and follicular hypopigmentation; both pheno-
types are consistent with chronic oxidative
stress. In the second, Kane et al. (1993) de-
scribed the suppression of apoptosis in cul-
tured neuronal cells that overexpress Bcl-2. In
control cells, ROS were generated when the
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cells were stimulated to undergo apoptosis, but
this effect was suppressed in the Bcl-2-ex-
pressing cells. Moreover, the Bcl-2-expressing
cells had higher intracellular levels of the an-
tioxidant glutathione (GSH). This finding of in-
creased amounts of GSH in Bcl-2-expressing
cells has been confirmed in a number of other
cell systems (Ellerby et al., 1996; Mirkovic et al.,
1997).

Other studies have also suggested a role for
ROS as part of the regulation of apoptosis.
These reports have been extensively reviewed
(Buttke and Sandstrom, 1995; Slater et al., 1995;
Jacobson, 1996; Hampton and Orrenius, 1998).
Generally, apoptosis can be induced by the ad-
dition of ROS or depletion of cellular antioxi-
dants and inhibited by the addition of exoge-
nous antioxidants. Moreover, in many cases,
apoptosis is associated with a stimulated pro-
duction of intracellular ROS. ROS can be gen-
erated in cells by a variety of mechanisms to
induce apoptosis. Intracellular ROS can be gen-
erated in cells in response to apoptosis-induc-
ing agents such as tumor necrosis factor (TNF)
or ceramide. In addition, as mentioned above,
apoptosis can be induced by exogenously
added H,O,, an important ROS, but it can also
be induced through oxidation of the endoge-
nous cellular thiols, i.e., GSH, that act to pro-
tect the cell from ROS produced during oxida-
tive metabolism, i.e., H>O,. Intracellular GSH
can be oxidized or inactivated by agents such
as menadione, diamide, or diethyl maleate
(Hockenbery et al., 1993; Marchetti et al., 1997;
Mirkovic et al., 1997). Lowering intracellular
levels of GSH with an inhibitor of its synthesis,
buthionene sulfoximine (BSO), also drives cells
into apoptosis due to the oxidative stress cre-
ated by the absence of this critical thiol antiox-
idant (Kane et al., 1993).

On the basis of the ability of ROS to stimu-
late apoptosis, it becomes evident that antioxi-
dants may act to suppress this process. A num-
ber of antioxidants have been identified to have
such activity (Buttke and Sandstrom, 1995;
Slater et al., 1995). These include naturally oc-
curring intracellular antioxidants such as GSH,
which has already been mentioned, but also
thioredoxin (Baker et al., 1997). Exogenously
added thiol antioxidants such as N-acetylcys-
teine (NAC) are also potent inhibitors of apop-
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tosis (Mayer and Noble, 1994). Indeed, NAC
has been used to treat AIDS patients by sup-
pressing the apoptosis of T cells infected with
the virus (Herzenberg ef al., 1997). In addition
to antioxidant agents, antioxidant enzymes
may also act to suppress ROS-mediated apop-
tosis. The best studied of these is superoxide
dismutase (SOD). Superoxide is one of the ROS
produced during the apoptosis process (Cai
and Jones, 1998), and cells that have been en-
gineered to overexpress SOD are relatively re-
sistant to apoptosis induction (Wong et al.,
1989). Bcl-2 overexpression (Merad-Saidoune et
al., 1999) mimics the effect of SOD overexpres-
sion, suggesting a relationship between these
proteins, and transfection of SOD-deficient
yeast stains with a Bcl-2 expression construct
protects them from oxidative stress-induced
cell death (Kane et al., 1993). Additionally, the
phenotype of SOD knockout mice is strikingly
similar to Bcl-2 knockout mice (Huang ef al.,
1997). Thus, whereas Bcl-2 protein would not
be expected to have SOD-like activity, Bcl-2
must mimic SOD by either preventing super-
oxide production during apoptosis or scav-
enging superoxide directly by acting as an an-
tioxidant.

BCL-2 AND MITOCHONDRIA

Bcl-2 is the prototypic member of a rather
large and growing family of proteins that share
significant homology, in spite of fact that some
members of the family have anti-apoptotic ac-
tivity, e.g., Bcl-2 and Bcl-X;, whereas others
have pro-apoptotic function, e.g., Bax and Bak
(Adams and Cory, 1998). Although Bcl-2 and
Bax may be capable of functioning as indepen-
dent proteins, their activity is also regulated
through dimerization (Korsmeyer et al., 1993).
The homology among the family members is
conserved in four domains: BH1, BH2, BH3,
and BH4.

The BH3 domain appears to be critical for the
dimerization property. Sequence analysis has
shown that many Bcl-2 family members have a
hydophobic stretch of amino acids at the car-
boxy-terminal region that is responsible for
their localization to cellular membranes, in-
cluding the endoplasmic reticulum, nuclear en-

539

velope, and mitochrondrial membrane (Adams
and Cory, 1998). At the expense of under-
standing the role of Bcl-2 localized in other
membranes of the cell, the focus of research on
apoptosis over the last few years has been on
mitochondria. This focus has been driven by
two independent discoveries demonstrating
the participation of mitochondria in the process
of apoptosis. These discoveries indicated that:
(i) mitochondria undergo a membrane perme-
ability transition (PT) during apoptosis (Zam-
zami et al., 1995, 1998; Susin et al., 1998) and (ii)
a number of apoptogenic factors, e.g., cy-
tochrome-c, are released from the mitochondria
of apoptotic cells (Liu et al., 1996; Zou et al.,
1997).

Zamzami ef al. (1995) originally reported that
in cells undergoing apoptosis, the mitochon-
drial membrane potential, A¥,,, is lost and this
disruption of AW, has been attributed to the
opening of the inner mitochondrial PT pore.
Opening of these pores or so-called “mega-
channels” allows for the free distribution of
solutes and equilibrium of ions within the mi-
tochondrial matrix (Reed et al., 1998). This, in
turn, causes mitochondrial swelling and un-
coupling of oxidative phosphorylation. This
uncoupling of the respiratory chain causes ces-
sation of ATP production, and electrons nor-
mally going to molecular oxygen are shunted
into ROS production. The PT pore is thought
to consist of multiprotein complex consisting
of an inner mitochondrial transmembrane
protein, the adenine nucleotide translocator
(ANT), that associates with an outer trans-
membrane protein, the voltage-dependent an-
ion channel (VDAC) (Susin et al., 1998). Other
proteins in the complex may include the pe-
ripheral benzodiazepine receptor and matrix
cyclophilin D (Gross et al., 1999). The PT pore
regulates ADP/ATP exchange and disruption
of this process during apoptosis leads to sev-
eral consequences including acidification of the
cytosol (Vander Heiden et al., 1999).

In addition to the loss of AV,,, a number of
factors are released from mitochondria that
also play important roles in facilitating apop-
tosis. One of the factors that may be associated
with PT is the apoptosis-inducing factor (AIF)
(Susin et al., 1996). AIF is targeted to the nu-
cleus and may participate in the nuclear
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changes associated with apoptosis. The other
factors released from mitochondria participate
in caspase-mediated apoptosis. These include
cytochrome ¢ and Apaf-1 (Liu et al., 1996; Zou
et al., 1997). Together with caspase-9, cy-
tochrome ¢ and Apaf-1 form a complex that ac-
tivates caspase-3 by proteolytic cleavage of its
proform into its active form (Gross ef al., 1999).
Caspase-3, once activated, is responsible for
many of the downstream events associated
with apoptosis including activation of DNA
fragmentation factor (DFF) (Liu et al., 1997).
DEFF activates endonucleases that cleave DNA
in a manner characteristic of apoptosis. Certain
caspases, including caspases 2 and 9, may also
be normally sequestered in mitochondria and
redistributed to the cytosol and activated on
initiation of apoptosis (Susin et al., 1999).

The exact mechanism by which cytochrome
c and these other factors are released from mi-
tochondria is not completely understood but it
does not appear to be due to the loss of AV,
because cytochrome c release precedes loss of
AV, at least in some systems (Cai et al., 1998).
On the other hand, members of the Bcl-2 fam-
ily are involved in regulating both of these fea-
tures. For example, overexpression of Bcl-2 in-
dependently blocks both loss of AWy and
release of cytochrome ¢ (Zamzami et al., 1996;
Kluck et al., 1997; Yang et al., 1997). Conversely,
enforced expression of Bax, a pro-apoptotic
member of this family, results in altered AW,
and release of cytochrome ¢ (Jurgensmeier et
al., 1998; Reed et al., 1998). Clues related to how
Bcl-2 family members may act in membranes
to regulate apoptosis have come through struc-
tural analysis of the proteins. The X-ray crys-
tallographic structure of Bcl-X|, revealed a sim-
ilarity to bacterial diphtheria toxin and
suggested a pore-forming function (Muchmore
et al., 1996). The structures of Bcl-2 and Bax are
similar with regard to this possibility. Subse-
quently, it has been shown that Bcl-2, Bcl-Xj,
and Bax are able to form functional ion chan-
nels when added to synthetic membranes in
vitro (Minn et al., 1997; Reed, 1998). However,
the properties of these channels vary consider-
ably among the family members. Thus, during
apoptosis Bax is translocated from the cytosol
to mitochondria where it may form a large
channel in the outer membrane, allowing cy-
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tochrome c to be released. Bcl-2 or Bcl-X;, may
form small conductance channels in mitochon-
drial membranes that act to counterbalance the
effect of Bax by maintaining electrical homeo-
stasis and membrane integrity or, alternatively,
their presence may prevent channel formation
by Bax (Reed, 1998). Of course, Bcl-2 family
members dimerize with themselves and each
other and how this activity functions in the reg-
ulation of apoptosis at the level of the mito-
chondria is not clear.

ROS GENERATION BY MITOCHONDRIA
DURING APOPTOSIS

Mitochondria are the primary source of ROS
generated during apoptosis, although they
may not be the only source. The loss of cy-
tochrome ¢ described above produces an inter-
ruption in the electron transport chain because
cytochrome ¢ is responsible for transferring
electrons from respiratory complex III to IV
(Cai et al., 1998). This loss of cytochrome c is
responsible for an inhibition of oxygen con-
sumption in cells undergoing apoptosis
(Ghafourifar et al., 1999).

However, as demonstrated in an elegant
study by Cai and Jones, superoxide is also gen-
erated as a result of this diversion or leakage
of electrons (Cai and Jones, 1998). Moreover, a
shift in the redox potential of the cell toward
oxidation as measured by the GSH/GSSG ra-
tio occurs due to the oxidation of GSH to GSSG
by the ROS. Cai and Jones show that this shift
in redox potential occurs 2 hr after the initia-
tion of apoptosis, coinciding with superoxide
production, whereas the loss of cytochrome ¢
in their system was detected at 1 hr. Thus, su-
peroxide production and the shift in redox po-
tential are the result of cytochrome ¢ release
and not the cause. Since the loss of AV, occurs
later, it is also a result of the ROS production
and subsequent redox change and not the cause
of these effects or of the release of cytochrome
¢ (Cai and Jones, 1998).

On the basis of the report by Cai and Jones,
it is now well established that mitochondria
produce ROS during apoptosis (Cai and Jones,
1998). However, the idea that ROS played im-
portant roles in apoptosis was controversial for
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a time because of an early report indicating that
cells lacking mitochondria DNA, and hence un-
able to carry out respiration, were still able to
undergo apoptosis (Jacobson et al., 1993). In ad-
dition, other reports suggested that cells could
still undergo apoptosis under conditions of vir-
tual anaerobiosis, a condition where mito-
chondria were presumed to only produce very
low levels of ROS (Jacobson and Raff, 1995;
Shimizu et al., 1995). An antioxidant role for
Bcl-2 was also questioned in these reports be-
cause Bcl-2 expression blocked apoptosis in
both situations. These issues have now been
largely resolved based on three recent reports.
In the first of these, Esposti and McLennan
demonstrate that H,O,, the product of SOD’s
reaction with superoxide, is produced by mi-
tochondria undergoing apoptosis in virtual
anaerobiosis (Degli Esposti and McLennan,
1998). Nanomolar quantities of H,O, were de-
tected using very sensitive techniques in sam-
ples of cells and mitochondria that had been
depleted of oxygen and exposed to ceramide.
The authors provide two possible explanations
for this finding that involve the presence of
submicromolar concentrations of oxygen re-
maining in the medium under anaerobic con-
ditions, which could catalyze superoxide and
H,0, production and that the abundant re-
duced iron present in mitochondria could cat-
alyze self-sustaining Fenton reactions with the
H,0; that is produced. Esposti and McLennan
deduce that the former conclusions that ROS
produced by mitochondria do not play a role
in apoptosis because cells in virtual anaerobio-
sis maintain an apoptotic response are based
on flawed assumptions.

In the second paper, which is also from this
same group, Esposti et al. (1999) have examined
the effect of Bcl-2 expression on the intracellu-
lar distribution and production of H,O, under
basal conditions and after treatment of lym-
phoma cells with apoptosis-inducing agents.
Interestingly, they found that Bcl-2-expressing
cells had increased availability of mitochon-
drial NAD(P)H and this was correlated with in-
creased constitutive mitochondrial production
of H,O,. In response to ceramide, H,O, pro-
duction was increased in the non-Bcl-2-ex-
pressing cells that underwent apoptosis but not
in the Bcl-2-expressing cells that were resistant
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to apoptosis. This finding is in fundamental
agreement with the results of Cai and Jones
(1998), who showed that Bcl-2 expression
blocked superoxide production through its
ability to block cytochrome c release. The find-
ing by Esposti et al. that Bcl-2-expressing cells
have higher basal levels of H,O, production is
in agreement with the results of Steinman
(1995), who several years ago claimed that, in
addition to its well-known antioxidant prop-
erty, Bcl-2 could also act as a pro-oxidant. These
apparently disparate activities ascribed to Bcl-
2 are now explained by Esposti et al. on the ba-
sis of their suggestion that Bcl-2 expression al-
lows lymphoma cells to adapt to conditions of
increased oxidative stress by fortifying their an-
tioxidant defenses against the overproduction
of ROS generated in response to apoptotic stim-
uli. They point out in particular that the in-
crease in NAD(P)H observed in their study
would fortify the ROS-scavenging defense of
mitochondrial function via the coupled activi-
ties of glutathione reductase and glutathione
peroxidase.

In the third paper, Jiang et al. (1999) tested
whether cytochrome c release and loss of A¥,
occur in cells lacking mitochondrial DNA.
Their results show that, in osteosarcoma cells
treated with ethidium bromide to deplete mi-
tochondrial DNA, cytochrome c release and
disruption of AWy, are preserved during stau-
rosporine-induced apoptosis. However, the
ROS-mediated oxidation of thiols, detected
through assessment of the redox potential as
indicated by the GSH/GSSG ratio, was greatly
attenuated in this setting. This result suggests
that the release of cytochrome ¢ and loss of
AV, are not due to the oxidation of thiols.
Thus, the earlier conclusion of Jacobson et al.
(1993) that mitochondrial oxidative phosphor-
ylation is not required for apoptosis was con-
firmed in this recent study. Moreover, the work
of Jiang ef al. indicates that mitochondrial gen-
eration of ROS is not essential for the induction
of apoptosis by staurosporine. These authors
suggest, however, that mitochondrial genera-
tion of ROS may be important for parallel or
potentiating events in apoptosis other than, or
in addition to, cytochrome ¢ release and cas-
pase activation. Indeed, this otherwise supple-
mental signal mediated by ROS may be re-
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quired in some systems such as TNF or Fas-in-
duced apoptosis. One other important point
that was made in the discussion of their paper
deserves mention. They stated that the cells
lacking mitochondrial DNA were more oxi-
dized even in the untreated condition com-
pared to the cells with normal mitochondria.
They explain this on the basis of cellular
sources of ROS other than mitochondria such
as NADPH oxidase, lipooxygenases, xanthine
oxidase, etc. The role of these processes in apop-
tosis is not known, but it seems possible that
ROS could be generated during apoptosis by
mechanisms not involving mitochondria that
participate in the apoptosis cascade of events.
If so, Bcl-2 would block these ROS through the
up-regulation of antioxidant properties of the
cell, e.g., GSH, similar to what was shown
above in the study by Esposti et al (1999).

Bcl-2 and GSH

Observations of increased levels of intracel-
lular GSH in cells expressing Bcl-2 have been
reported for many different systems. Previ-
ously, we reported that LYar cells, as well as
other cells containing expression constructs for
Bcl-2, had significantly higher levels of intra-
cellular GSH, particularly in the nuclei of these
cells (Mirkovic et al., 1997; Voehringer et al.,
1998). The mechanism of how this is achieved,
however, has remained elusive. This raises the
question: Is GSH synthesis increased by in-
creased activity or level of the cytosolic rate
limiting enzyme y-glutamyl cysteine synthesis
(GCS), or is exogeneous GSH imported into
cells? In our hands, there are no apparent dif-
ferences in the enzymes responsible for GSH
biosynthesis in Bcl-2-expressing cells (unpub-
lished results). Therefore, one of the mecha-
nisms a cell can employ to raise its GSH levels
is by importing more GSH. GSH itself cannot
freely cross membranes and therefore some
transport mechanism must be invoked. The
idea of GSH transport into cells through the
amino acid cycle was first proposed by Miester
et al. (1995) where extracellular GSH catabo-
lism, and amino acids, especially cysteine, are
imported (Meister, 1995). To facilitate GSH up-
take into cells, y-glutamyl tranfersase (GGT)
hydrolyses GSH to glutamic acid and cysteinyl-
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glycine, which is then cleaved by a membrane-
bound constitutive dipeptidase into the con-
stituent amino acids of GSH (glutamate, cys-
teine, and glycine). The free amino acids can
then enter the cell and contribute to the GSH
pool or cysteine pool (Meister, 1995). GSH can
then be synthesized from its amino acid com-
ponents and transported to intracellular or-
ganelles (such as the nucleus), thereby raising
total intracellular GSH levels without inhibit-
ing GCS activity.

Recent findings using DNA microarrays sup-
port the GSH import hypothesis, where it was
observed that significant quantitative differ-
ences at the level of mRNA correctly predicted
an elevated protein level of surface CD53 when
we compared the Bcl-2 +/— cell model system
(Voehringer et al., 2000). CD53 (along with
CD9, CD37, CD81, and CD82) is a member of
the membrane-spanning tetraspanin 4 (TM4)
family of surface proteins that facilitate the in-
teraction between surface proteins; however,
their binding partners are just now being iden-
tified (Maecker et al., 1997). Recently, Nichols
et al. (1998) showed that TM-4 proteins are in-
volved in the formation of a complex with
CD19, CD23, and GGT that regulates intracel-
lular redox potential by recycling of extracel-
lular GSH. Association of TM4 proteins and
GGT was not specific only to B cells, because
the authors have also reported these associa-
tions in T cells. In support of these findings, in
Bcl-2-expressing cells that express high levels
of CD53, GGT activity is significantly increased
(in preparation).

ADAPTATION OF BCL-2-EXPRESSING
CELLS THROUGH INDUCED
TRANSCRIPTIONAL CONTROL OF
METABOLIC PATHWAYS

Gene expression is regulated by intracellular
homeostasis, with shifts in pro- and antioxidant
conditions playing an important role in fine-
tuning expression programs of a cell in re-
sponse to its redox state. Because ROS are con-
stantly generated during normal biological
reactions, the cell is in a constant state of alter-
ing transcription in response to the oxidative
load on it. Redox regulation of transcriptional
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activation can occur on multiple levels. First,
many transcription factors exist in the cytosol
in their pro- form, where alterations in cyto-
solic redox can affect their activation and trig-
ger nuclear localization. A well-studied exam-
ple of this model is NF-«B (Staal et al., 1990).
Second, most transcription factors have cys-
teine residues in their DNA-binding domain
forming zinc fingers that bind the DNA major
groove through coordinate interactions be-
tween cysteines and zinc. These cysteines are
redox sensitive, and the oxidation states of the
cysteines regulate the ability of the transcrip-
tion factor to bind the recognition sequence.
Thioredoxin and Ref-1 are two known facilita-
tors of DNA binding of these transcription fac-
tors via their ability to modify the redox state
of the DNA-binding domain cysteines. Last,
the redox environment of the nucleus as a
whole most likely has an effect on accessibility
of transcription factors to their targets. This
may explain how some transcription factors,
which have a plethora of transcriptional tar-
gets, only turn on specific genes. Therefore, the
redox state of a cell and GSH subcellular com-
partmentalization has the potential to affect
transcription at multiple levels, allowing fine-
tuning of transcriptional responses to different
stimuli.

Many models of apoptosis are known to
have signal transduction pathways mediated
by ROS. In a report investigating adenovirus
P53-mediated apoptosis in a colon carcinoma
cell line, the authors reported the induction
of genes during apoptosis. Notably, they ob-
served expression of p53-induced redox-re-
lated genes in pathways that lead to the gen-
eration of reactive oxygen species and
oxidative damage to mitochondria (Polyak et
al., 1997). Presumably, in cells that do not un-
dergo apoptosis, these pathways are attenu-
ated.

Reports of nuclear pools of GSH and regula-
tion of nuclear GSH localization suggest that
Bcl-2 may function to modify transcriptional
programs (Voehringer et al., 1998; Voehringer,
1999). To this end, in addition to the above-
mentioned differences in gene expression for
surface markers, DNA array analysis of apop-
tosis-sensitive and -resistant (Bcl-2 — and +)
cell lines revealed several novel apoptosis reg-
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ulatory genes (Voehringer ef al., 2000). Striking
among these were alterations in genes control-
ling intracellular redox through mitochondrial
and nonmitochondrial pathways (the afore-
mentioned CD53, fructose-1,6-bisphosphatase,
fatty acid binding proteins, uncoupling pro-
tein, and voltage-dependent anion channel).
Although some of these genes are known to
modify redox directly, others alter redox
through indirect signaling pathways.

In addition to the direct effect of CD53 on in-
tracellular redox, fructose 1-6 biphosphatase,
involved in gluconeogenesis, generates glu-
cose-6-phosphate, suggesting that glucose-6-
phosphate might be shunted into the pentose
phosphate pathway to generate reducing
equivalents (Stryer, 1999). Enhanced activity of
the pentose phosphate pathway generates
NADPH via the oxidation of glucose-6-phos-
phate to fructose-6-phosphate and glyceralde-
hyde-3-phosphate (Stryer, 1999). The reducing
equivalents provided by NADPH, in turn, con-
tribute to the reduction of oxidized glutathione
by glutathione reductase.

This model supports our previous findings
that apoptosis-resistant Bcl-2 overexpressing
cells have elevated pools of glutathione pri-
marily in the reduced form (Mirkovic et al.,
1997). Additionally, reports (mentioned above),
specifically by Esposti et al., describe NAD(P)H
pools are elevated in Bcl-2-expressing cells (Es-
posti et al., 1999). Thus, Bcl-2 may alter tran-
scription of TM4 proteins and enzymes in-
volved in NAD(P)H elevations to maintain an
elevated, reduced pool of GSH within cells.

REDOX ALTERATIONS IN
SIGNAL TRANSDUCTION

Redox status of the cell alters not only how
it responds to exogeneous stimuli, but also de-
fines the internal state of the cell. This leads to
suppressed spontaneous apoptosis and pre-
vents the ability of apoptosis-inducing agents
to trigger apoptosis. Some of this suppression
may be due to direct interactions of the induc-
ing agents with a reducing environment (as
many proapoptotic compounds are also oxi-
dants), but also indirectly by mediating the
response of signaling and transcriptional
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pathways. Down-regulation of three mito-
chondrial-targeted response pathways in re-
sponse to apoptotic stimuli has been reported
in gene array results, as stated above.

Although fatty acid binding proteins
(FABPs) have not previously been investigated
with respect to apoptosis, studies describing
FABPs in the nematode suggest these proteins
may act as molecular scavengers, binding toxic
oxidized fatty acids generated during oxidative
stress (Mei et al., 1997). From these reports it
can be suggested that FABPs may play an im-
portant role in terminating a signal transduc-
tion cascade of lipid peroxidation, observed as
an early step in the commitment phase of many
apoptotic systems. It is interesting that in-
creased lipid peroxidation was observed in Bcl-
2 knockout mice (Hockenbery et al., 1993). The
increased lipid peroxidation observed by
Hockenbery ef al. led them to speculate that Bcl-
2 functioned in some direct manner to inhibit
lipid peroxidation. Studies showing elevated
FABPs in Bcl-2-expressing cells, however, sug-
gest that Bcl-2 may function, through nuclear
GSH compartmentalization, as a transcrip-
tional regulator upstream of lipid peroxidation
(Voehringer et al., 1998; Voehringer, 1999),
thereby enhancing a cell’s capacity to buffer
and terminate these destructive pathways.

A second interesting pathway observed dur-
ing apoptosis, but suppressed in Bcl-2-express-
ing cells, involves mitochondrial uncoupling
protein (UCP). UCP-1, originally identified in
brown adipose tissue and implicated in regu-
lating thermogenesis (Cassard et al., 1990), has
since been detected in skeletal muscle and ap-
pears to regulate fatty acid metabolism (Boss et
al., 1997; Fleury et al., 1997). Mitochondria are
the targets of UCP function as they are in-
volved in uncoupling electron transfer from ox-
idative phosphorylation, an observation seen
frequently in mitochondria-mediated apopto-
sis. Free fatty acids are also known uncouplers
of electron transport, and release of apoptotic
factors from the mitochondria has been attrib-
uted to the effect of free fatty acids (FFAs) (cer-
amide and arachidonic acid) on mitochondria
(Quillet-Mary et al., 1997). Because mitochon-
dria are the source of cytochrome c, apoptosis-
initiating factor, and ROS generated during
apoptosis, specific up-regulation of message
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for one of the UCP family members (UCP-2)
suggests that there may be another mechanism
through which mitochondrial function is al-
tered prior to any observable mitochondrial
deregulation. Whether UCP-2 can function to
activate mitochondprial release of apoptotic fac-
tors (increased levels of UCP-2 have been
shown to induce peroxide generation from mi-
tochondria; Negre-Salvayre et al.,, 1997, or
whether free fatty acids are also required,
needs to be determined; however, this pathway
may prove to be significant because it indicates
a transcriptional level of control of mitochon-
drial function.

VDAC-1 is also elevated at the mRNA level
to a greater extent in non-Bcl-2-expressing cells
when compared to Bcl-2-positive cells in re-
sponse to radiation. VDAC-1 is part of a PT
complex that includes the adenine nucleotide
translocator and cyclophilin D. Opening of the
PT, with release of these factors, may be the ul-
timate checkpoint before commitment to apop-
tosis occurs, and has been shown to be under
the regulation of Bcl-2 family members (Hirsch
et al., 1997; Shimizu et al., 1999). Indeed, Tsuji-
moto ef al. recently reported that both pro- and
anti-apoptotic members of the Bcl-2 family are
capable of binding the PT pore though inter-
actions with VDAC-1 (Shimizu et al., 1999).
Linkage between UCP, VDAC, Bcl-2, and
Tom70, a mitochondrial translocase, has been
previously reported, where the cytosolic do-
main of the mitochondrial translocase interacts
and organizes these proteins (Schleiff et al.,
1997). How all these players function in regu-
lating mitochondrial ROS production and
apoptosis is yet to be determined; however, the
regulation of genes that encode mitochondrial
proteins appears to be important.

MITOCHONDRIAL GSH

The role of mitochondria in apoptosis sig-
naling and control has been investigated rigor-
ously over the past 5 years. Although a role for
Bcl-2 regulation of mitochondrial GSH pools
has yet to be shown, it has long been known
that one of the sites of GSH subcellular local-
ization is mitochondria. Because of the gener-
ation of ROS during electron transport, mito-
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chondria require additional mechanisms for
dealing with a localized oxidative environ-
ment. Examples of mitochondrial oxidative de-
fense pathways include elevated GSH, in-
creased activity of GSH peroxidases, and
Cu/Zn SOD.

Nomura et al. (1999) recently showed that mi-
tochondrial phospholipid hydroperoxide glu-
tathione peroxidase (PHGPx) suppresses mito-
chondrial-mediated apoptosis. PHGPx protects
membranes from oxidative stress, but only the
mitochondrial, as opposed to the nonmito-
chondrial PHGPx form, appears to do this. Ad-
ditionally, as mentioned previously, Merad-
Saidoune has shown that when brain GSH was
depleted using the GCS inhibitor BSO, (which
depletes cytosolic, but not nuclear GSH), over-
production of Cu/Zn-SOD or Bcl-2 prevented
brain mitochondrial respiratory dysfunction in
a Parkinson’s model (Merad-Saidoune et al.,
1999). These results emphasize the importance
of mitochondrial control of endogenous ROS
generation, and that disruption of these pro-
cesses in disease can lead to inappropriate cell
death.

GSH EFFLUX

An intriguing area of Bcl-2/GSH research
that has recently been gaining recognition is
GSH efflux from cells selected to undergo
apoptosis. Although the observation of GSH ef-
flux is rapid in many situations, as in Fas-me-
diated apoptosis (van den Dobbelsteen ef al.,
1996), the degree and timing of this process is
still under investigation. Nevertheless, multi-
ple reports have highlighted the possibility that
GSH efflux may be one of the steps in mediat-
ing apoptosis and that Bcl-2 may suppress this
pathway. Ghibelli ef al. (1998) have shown that
by blocking carrier-mediated GSH efflux with
methionine or cystathionine, cells were res-
cued, and, once the apoptotic stimulus was re-
moved, could proliferate. Many agents can
block apoptosis, but few are able to mimic the
ability of Bcl-2 to confer enhanced clonogenic-
ity of cells that would have undergone apop-
tosis.

Furthering these findings, Meredith et al.
(1998) reported that in HeLa expressing a con-
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ditional Bcl-2 construct, GSH efflux through
the RsGshT or sinusoidal transporter was sup-
pressed when Bcl-2 levels were elevated. The
impact of these observations at the cellular
level are becoming realized in a number of re-
cent reports focusing on GSH efflux and apop-
tosis (Benard et al., 1999; Gao et al., 1999; Oda
et al., 1999). In the first two reports, apoptosis
was studied in small intestinal epithelium and
the basolateral membrane of polarized MDCK
cells. In the first study, it was reported that
GSH levels decreased and GSH efflux was in-
creased during differentiation of intestinal ep-
ithelial cells from the crypt to the villius (Be-
nard et al., 1999). In the latter study, cellular
protein toxins such as modeccin, Pseudomonas
toxin, diphtheria toxin, and ricin all triggered
basolateral efflux of reduced GSH. However,
the authors show that this effect is blocked by
caspase inhibitors, suggesting efflux of GSH in
this case occurs following the commitment
phase of apoptosis and is not directly respon-
sible for triggering apoptosis (Oda ef al., 1999).

A recent report by Gao et al. (1999) carries the
concept of GSH efflux to the pathological level,
where they described potential abnormal trans-
port of GSH in the airway epithelium of cystic
fibrosis (CF) patients. Using cell lines lacking
the CF transmembrane conductance regulator
(CFTR), they found that GSH content was re-
duced by 55% in apical fluids of CFTR cultures
when compared to congenic cells where CFTR
had been restored. Because CF patients have
pathologic inflammation where oxidative
stress plays a role, regulation of GSH efflux is
an important parameter that should be closely
investigated. What role Bcl-2 may play in this
scenario has yet to be determined, however, it
is intriguing possibility that Bcl-2 may be in-
terfering with the normal function of the CFTR.

An important point to make in the discus-
sion of GSH efflux and intracellular GSH in
general is the requirement of a reduced active
site in caspases for their appropriate function-
ing. Orrennius and colleagues have addressed
this issue and shown that there is a critical
widow where caspase activation and apopto-
sis is favored (Hampton and Orrenius, 1998). If
GSH levels drop too low, oxidation of the ac-
tive site cysteine can occur rendering the cas-
pase cascade impotent.
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FIG. 1. Effect of Bcl-2 on altering cellular redox status
via distinct metabolic pathways. (A) In Bcl-2-expressing
cells, enhanced expression of CD53 has been reported.
CD53, a member of the TM4 family of surface protein, in-
teracts with y-glutamyl transferase (GGT), enhancing
breakdown and import of GSH to contribute to intracel-
lular GSH pools. Additionally, fuctose-1,6-bisphosphatase
(F-1,6-BP) contributes substrate for the pentose phosphate
pathway (PPP) generating the reducing equivalents in the
form of NADPH to maintain intracellular GSH mainly in
its reduced form. (B) In Bcl-2 negative cells CD53 levels
are virtually undetectable, GGT activity is diminished, and
NADPH pools are smaller due to lack of substrate. This
in combination with extrusion of oxidized GSH (GSSG)
leads to increased ROS generation and oxidative stress.
Thus, Bcl-2-expressing cells have higher levels of overall
reducing equivalents (in the form of GSH and NADPH)
and are more capable of handling exogeneous and en-
dogenous oxidative stresses placed upon them.

Along these lines Hentze et al. (1999) have
shown that by separating hepatotoxicity by
type I depletion of GSH from the direct effects
of GSH on liver cell apoptosis, intact GSH sta-
tus is required for CD95-mediated apoptosis in
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mouse hepatocytes. By depleting intracellular
GSH with phorone to inhibit GSH transferase,
they showed that mice treated with CD95 were
protected when GSH was depleted; however,
with supplementation of GSH by administra-
tion of GSH-AM toxicity was restored. They
suggest that the intracellular redox state is cru-
cial for effective caspase activation (supported
by previous reports from Hampton and Orre-
nius, 1998) and depletion of intracellular GSH
prevents sufficient CD95-mediated caspase ac-
tivation for apoptosis fulfillment. They further
recognize that GSH compartmentalization, as
in nuclear compartmentalization in the case of
Bcl-2 overexpression (Voehringer et al., 1998),
may disrupt the localized GSH levels at the cell
surface for CD95-mediated DISC formation
and caspase 8 signaling. In support of this are
the results showing that Bcl-2 inhibits CD95-in-
duced hepatocyte apoptosis.

FFA ucp VDAC
FABP/s BCL-2
o Mitochondria
BCL-2 [ 1 \
ROS Cyt C APAF-1
Caspase Cascade

FIG. 2. Bcl-2 down-regulation of signaling pathways
observed in apoptosis. Another possible level where Bcl-
2 may play a role is through controlling the expression of
certain genes targeted at protecting or disrupting mito-
chondria. By microarray analysis, it was observed that
Bcl-2 cells expressed enhanced levels of fatty acid bind-
ing proteins (FABP), which might serve to buffer the gen-
eration of free fatty acids (FFA) during the early stages of
apoptosis. Additionally, in cells lacking Bcl-2 protection
from apoptosis, it was observed that the message for mi-
tochondrial uncoupling protein (UCP) and voltage-de-
pendent anion channel (VDAC) increased rapidly fol-
lowing an acute apoptotic stimulus. Both of these signals
(which were suppressed in Bcl-2-expressing cells) could
be deleterious to normal mitochondrial function, leading
to cytochrome c release (Cyt C), generation of reactive
oxygen species (ROS), and release of apoptogenic factors
such as APAF-1. Such events would trigger the effector
phase of apoptosis by activating the caspase cascade, lead-
ing ultimately to cell death.
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SUMMARY AND CONCLUSIONS

Bcl-2 has been implicated in regulating apop-
tosis at many different levels from direct inter-
actions between Bcl-2 and mitochondrial chan-
nels that release apoptogenic factors, to indirect
alterations of cellular biochemistry though se-
questration of divalent cations and GSH. One
unifying theme that emerges, however, is the
underlying connection between Bcl-2 and reg-
ulation of intracellular redox state of a cell. Be-
cause the redox state of the cell is crucial in reg-
ulating signaling and transcriptional pathways,
some of the complexity of Bcl-2 function may
be explained by its effect on cellular biochem-
istry at multiple levels though alterations in the
cellular “redox pool” (Fig. 1). Additionally, as
we have described above, down-regulation of
three mitochondrial-targeted response path-
ways in response to apoptotic stimuli were ob-
served in Bcl-2-expressing cells (Fig. 2), thereby
regulating mitochondrial function indirectly
though altered transcriptional responses.
Therefore, although Bcl-2 may have a direct ef-
fect on mitochondrial PT, there are most likely
other effects that are less direct, yet just as im-
portant in determining whether a cell under-
goes apoptosis or not.

Since the evolution of cyanobacteria, cells
have had to continually content with survival
in an oxidizing environment even to this day
(Ding et al., 1998). During evolutionary selec-
tion, many systems have evolved to regulate
and respond to a cell’s redox state. Indeed, Bcl-
2 and the Bcl-2 family members may have
evolved as part of this complex mechanism
controlling responses to cellular redox, sur-
vival, or death as outcomes. Further studies
into the regulation of intracellular redox by the
Bcl-2 family members will shed light on this
hypothesis and further expand our knowledge
into the interactions between oxidative stress,
Bcl-2, apoptosis, and disease pathology.

ABBREVIATIONS

AIF, Apoptosis-Inducing factor; ANT, ade-
nine nucleotide translocator; BSO, buthionene
sulfoximine; CFTR, cystic fibrosis transmem-
brane conductance regulator; DFF, DNA
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fragmentation factor; F-1,6-BP, fructose 1,6
bisphosphatase; FABP, fatty acid binding pro-
teins; FFA, free fatty acids; GCS, y-glutamyl
cysteine synthetase; GGT, y-glutamyl trans-
ferase; GSH, glutathione; H,0,, hydrogen
peroxide; NAC, N-acetylcysteine; PHGPXx,
phospholipid hydroperoxide glutathione per-
oxidase; PPP, pentose phosphate pathway; PT,
permeability transition; ROS, reactive oxygen
species; SOD, superoxide dismutase; TM4,
membrane tetraspanin 4; TNF, Tumor Necro-
sis Factor; UCP, uncoupling protein; VDAC,
voltage-dependent anion channel.
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