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Apoptosis is a common mode of programmed cell death occurring during development as well as in many
pathological conditions, in which the cell plays an active role in its own demise. Although the morpho-
logical and biochemical hallmarks of apoptosis are conserved across phyla and cell type, the mechanism(s)
of apoptosis is unknown. However, data recently published demonstrate that expression of the anti-
apoptotic gene bcl-2 decreases the net cellular generation of reactive oxygen species, and that reactive
oxygen species serve as mediators of apoptosis in at least some cases.
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INTRODUCTION

When biological evolution reached the critical juncture leading to the development
of multicellular organisms, the capacity for the controlled termination of individual
cells became an important system feature. Morphological development requires the
coordinated execution of three fundamental cellular processes: division, differentia-
tion, and death. Controlled cell death is vital not only in morphogenesis but also
in the elimination of damaged or neoplastic cells and the optimization of immuno-
logical responses.'

Developmentally-controlled cell death occurring during insect morphogenesis was
termed programmed cell death in 1964 by Lockshin.? Subsequent studies of cell
death following hepatic ischaemia led to the concept of apoptosis, from the Greek
apo = away from, and ptosis = falling.’ Programmed cell death and apoptosis
share many morphological features, and the terms are often used interchangeably,
but equality has not been demonstrated: specifically, the internucleosomal frag-
mentation of DNA that characterizes apoptosis has not been demonstrated in pro-
grammed cell death, and the requirement for protein synthesis that is characteristic
of programmed cell death exists in some, but not all, cells undergoing apoptosis.>*
These differences may simply reflect the different organisms in which the two
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phenomena were described, or may reflect more fundamental differences. Morpho-
logical characteristics of apoptosis include nuclear fragmentation, chromatin con-
densation, plasma membrane blebbing, relative preservation of organellar structure,
and preservation of plasma membrane continuity.® Genetic and biochemical charac-
teristics include the internucleosomal fragmentation of DNA (in multiples of approx-
imately 180 base pairs, corresponding to the size of the nucleosome) and enhanced
expression of a set of genes, including those encoding sulphated glycoprotein-2,
transglutaminase, polyubiquitin.® Although this set of expressed genes varies to
some extent between cell types, there is a high degree of conservation.

Both programmed cell death and apoptosis have been referred to as cellular
suicide, since (1) the morphological, genetic, and biochemical changes that occur are
orderly and reproducible,® and (2) inhibitors of transcription or translation inhibit
the process (except in apoptosis in some cell types), suggesting an active role for the
cell in its own demise.”® The mechanism(s) by which the cell effects its own termina-
tion is unknown, but appear to be conserved across phyla and cell types.>'? Exten-
sive studies of thymocyte apoptosis in response to corticosteroids have led to a
model that features calcium entry leading to the activation of a nuclear calcium/
magnesium-dependent endonuclease.'*™"® Three observations have suggested the
need for a revision of this model: first, in at least some cellular systems, the induction
of apoptosis by serum and growth factor withdrawal is not accompanied by a rise
in intracellular free calcium concentration' (this does not preclude the possibility
that subcellular changes in calcium distribution might have been missed by the
FURA-2 imaging in that study). Second, in some cells the morphological features
of apoptosis are not accompanied by double stranded internucleosomal DNA
fragmentation.” Third, the expression of the bcl-2 gene inhibits apoptosis across
cell types, phyla, and apoptotic paradigms, yet has no effect on intracellular free
calcium, '

Any new model for the biochemical events defining apoptosis must distinguish
between an inducer of apoptosis ~ of which there are many - and a mediator of
apoptosis. Since apoptosis represents the cell’s response to virtually any severe injury
that does not cause rapid necrosis,® the list of apoptosis inducers is large, including
hyperthermia, growth factor withdrawal, ischaemia, hypoglycaemia, many toxins,
B-amyloid peptide, calcium ionophores, viral infection, and many other factors.®
Thus, the induction of apoptosis by any given factor offers insight neither into the
toxic biochemistry of the given factor nor into the mechanism of apoptosis itself.
In contrast, the identification of a mediator of apoptosis would offer some insight
into the biochemistry of apoptosis. Such a mediator should satisfy the following
criteria:

1. The mediator should demonstrate a change (an increase or decrease in activity)
during apoptosis, prior to cell death.

2. Modulation of the putative mediator should modulate apoptosis accordingly.

3. Expression of anti-apoptotic genes should affect the putative mediator, unless the
effects of the anti-apoptotic genes are ‘downstream’ from the putative mediator.

4. The effect of anti-apoptotic genes should be overridden by independent modula-
tion of the putative mediator, unless the effects of the anti-apoptotic genes are
‘downstream’ from the putative mediator.
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REACTIVE OXYGEN SPECIES AS MEDIATORS OF APOPTOSIS

Recent data from two laboratories have implicated reactive oxygen species (ROS) as
mediators of apoptosis.””* The proto-oncogene bci-2, which is expressed at high
level (due to a translocation) in approximately 60% of B-cell lymphomas,® was
shown to inhibit apoptosis in hematopoietic cell lines induced by the withdrawal of
interleukin-3.*# Subsequently, it was noted that Bcl-2 inhibits cell death from a
broad range of insults, across phyla (chordata and arthropoda) and cell origin (e.g.,

. hematopoietic, neural, and prostatic). Furthermore, in some cases necrosis, as well

as apoptosis, was inhibited, arguing that Bcl-2 does not inhibit apoptosis per se;
rather, Bcl-2 inhibits a cellular process that may result in apoptosis or necrosis.!” 8

Expression of bcl-2 was associated with a marked decrease in the net cellular gen-
eration of reactive oxygen species, as determined by dichlorofluorescein diacetate, '®
and prevention of lipid peroxidation.™® ' Bcl-2 also increased the survival of yeast
mutants null for superoxide dismutase, especially those deficient in MnSOD. Fur-
thermore, overexpression of sod! in a neural cell line (but not sod2 in a hematopoietic
cell line) or glutathione peroxidase in a lymphoid cell line inhibited apoptosis.'® !

Although it is possible that Bcl-2 has additional cellular effects, the effect on
reactive oxygen species was found to be causally associated with the inhibition of cell
death by Bcl-2."® First, the rise in ROS in the control cells preceded the cell death.
Second, modulation of the rise in ROS modulated the appearance and extent of
cell death. Third, in more recent experiments, overcoming the inhibition of ROS
generation by Bcl-2 overcame the inhibition of cell death (ref. 24 and Kane ez al., in
preparation).

These findings argue that ROS serve as mediators of apoptosis, and the findings
are compatible with previous studies of apoptosis. First, ionizing radiation induces
apoptosis in some cell types, and, based on relative molecular abundance, the prin-
cipal target of ionizing radiation is water, with the principal cellular damaging species
being hydroxyl radical. This free radical species reacts in a diffusion-controlled
manner with protein, DNA, and lipids, causing protein oxidation, DNA strand scis-
sion, membrane blebbing, and lipid oxidation, the last three of which are charac-
teristic of apoptosis. Although it is unlikely that hydroxyl radical is responsible for
the periodically spaced double stranded DNA breaks characteristic of apoptosis, it
could be involved in the initial cleavage at 100-300 kilobase intervals which precedes
the production of the 180 base pair multiples.

Ionizing radiation has also been demonstrated to activate unspecified tyrosine
kinase enzymes which appear to mediate apoptosis in human B-lymphocyte cell
lines.” Radiation treatment stimulated tyrosine phosphorylation of 6-14 proteins.
The tyrosine kinase inhibitor genistein inhibited this phosphorylation and protected
cells against DNA degradation and cell death. In contrast, the phosphatase inhibitor,
vanadate, resulted in increased sensitivity to ionizing radiation.

Second, the human T-cell line CCRF-CEM undergoes apoptotic cell death when
cultured at a density <10° cells/ml in serum-free medium.? However, cell death is
prevented by medium conditioned by cells cultured at higher density (3 x 10° cells/
ml). Isolation of the active anti-apoptotic factor in the conditioned medium iden-
tified a 60 kilodalton protein demonstrating sequence homology to human catalase
as well as enzyme activity. Furthermore, catalase from non-human sources could
substitute for conditioned medium to block density-dependent apoptosis.?® These
observations suggest that CCRF-CEM cultures contain sufficient hydrogen peroxide
to induce apoptosis at low density. Although the possibility of the introduction of
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hydrogen peroxide from tissue culture medium was not excluded, the most likely
source is the CCRF-CEM celis themselves.

Third, embryonic blastocoele fluid contains a soluble agent capable of killing
embryonal carcinoma cells with trophectodermal potential.”’ In contrast, P19
embryonic carcinoma cells are resistant to this soluble agent, due to higher levels
of glutathione. Indeed, exposure to buthionine sulphoximine (a specific and essen-
tially irreversible inhibitor of ~y-glutamylcystein synthetase®®) increases the sensi-
tivity of P19 cells to embryonic blastocoele fluid. This cell death is apoptotic, and
may be prevented by treating the blastocoele fluid with catalase prior to exposing
the cells to the blastocoele fluid. The hydrogen peroxide present in the fluid appears
to be generated by a polyamine oxidase.”

Fourth, addition of nerve growth factor (NGF) to PC12 pheochromocytoma cells
increases the intracellular level of catalase and decreases the sensitivity of PC12 cells
to exogenous hydrogen peroxide.” Furthermore, addition of the catalase inhibitor
3-aminotriazole counters the protective effect of NGF against hydrogen peroxide.
However, NGF inhibits PC12 death due to many agents, including PC12 apoptosis
in response to serum withdrawal or NGF withdrawal,* and it is unknown whether
catalase expression alone is responsible for the inhibition of PC12 cell death follow-
ing these other insults.

Fifth, tumor necrosis factor (TNF) - which would perhaps more appropriately be
designated tumor apoptosis/necrosis factor - induces apoptosis in many neoplastic
(and some non-neoplastic) cell types.!' Intracellular ROS are induced by TNF, and
expression of MnSOD inhibits cell death induced by TNF.* Ultrastructurally, early
degenerative changes of mitochondria occur in L929 cells, and protection against
cytotoxicity is afforded by antioxidants such as ascorbate, and by the iron ion chela-
tor desferrioxamine.®

SOURCES OF REACTIVE OXYGEN SPECIES IN APOPTOSIS

What is/are the source(s) and chemical structure(s) of the ROS that mediate apop-
tosis? As noted above, work by Pierce and colleagues,” using systems of trophec-
toderm development and limb bud development, implicates hydrogen peroxide
generated by a tissue polyamine oxidase. Studies of tumor necrosis factor cytotox-
icity implicate superoxide; furthermore, inhibitors of complex III of the mitochon-
drial electron transport chain potentiate TNF-mediated cytotoxicity in 1.929 cells,
whereas inhibitors of complex I (NADH dehydrogenase) and complex II (succinate
dehydrogenase) protect against cytotoxicity, suggesting that superoxide anion pro-
duced by electron transfer from ubisemiquinoné to dioxygen may be an important
mechanism of TNF toxicity.?® The mechanism by which such electron transfer
would be increased following TNF binding is unknown. Studies of the inhibition of
TNF-induced apoptosis by the protein products of the adenovirus E1B and E3 genes
implicate arachidonic acid metabolism by phospholipase A2.* Even from these few
examples, it is clear that more than one source of reactive oxygen species generation
is likely. In addition, since cells normally generate approximately 10! molecules of
superoxide per day,” it is of course possible that the net cellular generation of ROS
that occurs during apoptosis is the result of a decrease in scavenging and other anti-
oxidant defence systems rather than a true increase in generation.

Any model of apoptosis that includes ROS as mediators must address the question
of how cells derive the remarkable order of the apoptotic program - with the regular
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DNA fragmentation, nuclear fragmentation, and appropriate upregulation and
downregulation of specific sets of genes (depending on cell type) that characterize
apoptosis - from the relative disorder of ROS diffusion and high reactivity (although
ROS may be targeted by site-specific metal ion-dependent reactions). One possibility
is that coordinated functional changes might be brought about in structural proteins
by redox changes, in a situation somewhat analogous to the dissolution of the nuclear
envelope that follows the phosphorylation of nuclear lamins.*® This possibility
might explain the plasma membrane blebbing that is prominent early in apoptosis,
since oxidation of actin has been associated with plasma membrane blebbing.”
However, this would leave unexplained the orderly sequence of transcriptional
changes that characterizes apoptosis. To account for such changes, and for the
finding that the expression of bc/-2 inhibits both apoptosis and necrosis, we suggest
a model in which ROS act as effectors in necrosis but as signaling molecules in
apoptosis, leading to the transcriptional changes of apoptosis via redox-sensitive
transcription factors. Examples of redox-sensitive transcription factors include
AP-1,% USF43,* and NFxB.** None of these is known to be specific for the
transcriptional changes associated with apoptosis, but it is likely that the existence
of other redox-sensitive transcription factors will be recognized.

A link between oxidative activity and activation of the Ca**/Mg** dependent
endonuclease believed responsible for DNA cleavage during apoptosis has been
implicated in human tumour cells which undergo apoptosis when exposed to
C-nitroso - compounds.* Such compounds oxidize the nuclear enzyme poly (ADP-
ribose) polymerase at one zing finger site, preventing poly-ADP ribosylation of the
endonuclease which in turn de-represses the DNA-degrading activity.

This model would explain why similar insults may lead to apoptosis or necrosis,
depending on severity and cell type. For example, exposure to low concentrations of
hydrogen peroxide may lead to apoptosis, whereas exposure to high concentrations
of hydrogen peroxide can lead to necrosis.”® The model would also explain why
Bcl-2 may inhibit both apoptosis and necrosis, yet can be bypassed in some apoptotic
paradigms such as that of cytotoxic T-cell killing.*

CONCLUSION

If, in fact, ROS are central mediators of apoptosis, this would support recently
suggested changes in our perception of the biological roles of these reactive interme-
diates. For the most part, oxygen free radicals have been considered to be the
unavoidable and undesirable consequence of life in the presence of molecular
oxygen. Reactive oxygen species have been implicated as the primary destructive
intermediates in a wide range of environmental and occupational toxins, as well as
an increasing number of human pathological conditions.* Their perceived biolog-
ical utility has until recently been limited to their generation by neutrophils for use
in microbial killing. However, a signaling role for nitric oxide has been established
in endothelia® and in the nervous system.*-*® Modulation of guanylate cyclase and
other signaling systems by reactive oxygen species has also been reported in some
other cells.**! These observations have led to the proposal of an ‘oxygen radical
cycle’ whereby superoxide anion and hydrogen peroxide are not completely destroyed,
but utilized in messenger functions.”

The accumulating evidence for a central role of reactive oxygen species in apoptosis
suggests that virtually all eukaryotic cells possess the means for active, regulated
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generation of such species and for selective channeling of these intermediates to
produce the intricately orchestrated process of apoptosis.
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