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Coincident with the recent increase in research on apoptosis,
there has been a shift in the focus of this research from the cell
nucleus to the cytoplasm, and most recently, to the
mitochondria. Until a few years ago the attention was
directed at the nucleus, with a search for `death genes' and
endonuclease(s) that could be linked to the characteristic
pattern of chromatin condensation and fragmentation during
apoptosis. The discovery of the caspases and their role in cell
death directed the research focus to the cytoplasm, and many
investigators began to regard the nuclear events in apoptosis
as `late' and `non-essential' for the apoptotic process. This
view received support from experiments with enucleated
cytoplasts. More recently, attempts to understand how a large
variety of inducers of apoptosis can activate the caspases and
initiate the death process have led to a search for a common
mediator or `executioner'. This search has placed the focus of
apoptosis research on the mitochondria.

Preservation of morphologically intact mitochondria has
been considered a hallmark of apoptotic cell death.
However, mitochondria have been implicated in apoptosis
ever since the discovery that the Bcl-2 protein localizes to
the outer mitochondrial membrane (Hockenbery et al.,
1990). Newmeyer and colleagues (1994) showed that a
Xenopus oocyte extract, which mediated apoptosis,
required a dense organelle fraction enriched in mitochon-
dria. In relation to this, nuclear apoptosis in other cell-free
systems was reported to depend on the presence of ATP
(Lazebnik et al., 1993; Kass et al., 1996). A similar
requirement for intracellular ATP was found in HeLa cells
undergoing actinomycin D-induced apoptotic cell death
(Chou et al., 1995).

While these findings suggest a requirement for ATP in
apoptosis, other studies indicate that several apoptosis-
inducing agents can trigger the uncoupling of electron
transport from ATP production, leading to a decrease in
mitochondrial membrane potential and a corresponding
production of reactive oxygen species (Zamzami et al.,
1995). This led Kroemer to suggest that a crucial, common
step in apoptosis is the opening of mitochondrial
megachannels by so-called permeability transitions (PT)
(Kroemer et al., 1995). Although the link between the
mitochondrial permeability transition and the activation of a
proteolytic cascade is unknown, recent reports have
indicated that mitochondria contain a soluble protein,
apoptosis-inducing factor (AIF) with a molecular weight of
approximately 50kDa, that is released after PT and is
sufficient to cause nuclear apoptosis (Zamzami et al.,
1996). Overexpression of Bcl-2 prevented mitochondrial PT
and the release of AIF, but did not affect the basal levels of
AIF within the mitochondria.

Further evidence implicating mitochondria in apoptosis
comes from the observation that when cytochrome c is
added to a cytochrome c-minus cytoplasmic extract, it can
induce cleavage and activation of pro-caspase-3 (Liu et
al., 1996). Subsequent reports have indicated that
cytochrome c is released from the mitochondrial inter-
membrane space into the cytosol in cells undergoing
apoptosis, and that Bcl-2 has an inhibitory role in this
cytochrome c translocation thereby preventing caspase
activation and apoptosis (Yang et al., 1997; Kluck et al.,
1997). However, cytochrome c release did not precede
changes in mitochondrial membrane potential. The
mechanisms by which cytochrome c acts to trigger the
caspase cascade, and AIF acts to trigger nuclear
apoptosis, are still unknown.

The crucial role of the mitochondria and a requirement
for ATP in apoptosis are advocated in three reviews in this
issue of Cell Death and Differentiation (Kroemer, 1997;
Nicotera and Leist, 1997; Tsujimoto, 1997). Kroemer
summarizes current evidence suggesting that the mitochon-
drial permeability transition is an obligatory and early event
in the apoptotic process, and that this triggering mechanism
may have co-evolved with an endosymbiotic incorporation
of aerobic bacteria (the precursors of mitochondria) into
ancestral unicellular eukaryotes. With all the different
agents and treatments known to trigger apoptosis, the
convergence of signals at a common mediator, such as the
mitochondria, seems attractive. Ceramide can also be
added to Kroemers long list of agents reported to cause
apotosis through the induction of the mitochondrial PT
(Pastorino et al., 1996).

Both Nicotera and Leist, and Tsujimoto, present
evidence that ATP is required during the apoptotic process
and suggest that the level of intracellular ATP determines
whether a cell will die by apoptosis or necrosis. There is
abundant evidence for an ATP requirement in multiple
apoptosis models, although the critical ATP-dependent
steps in the process have not been characterized in
detail. They are likely to be linked to both the signaling
and the execution phases of apoptosis (Nicotera and Leist,
1997; Tsujimoto, 1997). Thus, it is not surprising that the
depletion of cellular ATP blocks various events in
apoptosis. The prediction that a drastic drop in ATP levels
switches the mode of cell death to necrosis has been made
by Richter et al., (1996). The question which remains to be
answered is whether, and how, ATP depletion `redirects'
the death process towards necrosis when cells have been
triggered with apoptotic stimuli such as anti-CD95 anti-
bodies. Perhaps the correct interpretation is that CD95
signalling, by an unknown mechanism, shortens the
survival time of cells that would eventually die by necrosis
resulting from energy deprivation.

What uncertainties and controversies remain to be
resolved for us to better understand the role of mitochon-
dria and intracellular energy levels in apoptosis? There is
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an apparent contradiction between the obligatory induction
of the mitochondrial PT associated with a cessation of
mitochondrial ATP synthesis on the one hand, and on the
other, a need for the maintenance of intracellular ATP level
during the development of apoptosis, which may take many
hours or days. In addition, it has been shown that a
hyperproduction of ROS results from loss of mitochondrial
membrane potential, yet the cell needs to maintain a
reducing environment for optimal caspase activity. These
controversies could be resolved if the proposed apoptosis-
inducing changes were restricted to a small subset of
mitochondria in the cell. The maintenance of the energy
level required by cells to undergo apoptosis could occur
solely by glycolysis. This would be consistent with the
previous observation by Jacobson and colleagues (1993)
that cells lacking mitochondrial DNA and a functional
respiratory chain can still undergo apoptosis.

Another controversy concerns the mechanism of the
release of mitochondrial components required for caspase
activation. Whereas the release of AIF appears to be
preceded by PT induction and loss of the mitochondrial
membrane potential (Kroemer, 1997), the release of
cytochrome c from the mitochondria in preapoptotic cells
was reported to occur prior to any apparent loss of
mitochondrial membrane potential (Yang et al., 1997;
Kluck et al., 1997). In support, Richter et al., (1996) did
not detect an early change in mitochondrial membrane
potential, and the authors suggest possible methodological
problems regarding the fluorescent dyes used in these
experiments. Overall, these observations suggest that
cytochrome c could be released from the mitochondria by
a more selective pathway than outer membrane rupture
following PT-induced mitochondrial swelling. Purified outer
membrane vesicles have been found to translocate
apocytochrome c in both directions, and it was suggested
that this translocation is rendered unidirectional in intact
mitochondria by a stable association with cytochrome c
heme lyase, a peripheral protein of the inner membrane
(Mayer et al., 1995). It is not known whether holocyto-
chrome c could be released from mitochondria via a similar
route.

Mitochondrially released constituents may serve as
obligatory mediators of apoptosis in some models,
whereas their involvement in other systems seems more
far-fetched. For example, available evidence clearly
indicates that initial activation of the caspase cascade in
CD95-mediated apoptosis occurs at the receptor level (see
Zhivotovsky et al., 1997 for recent review). It is difficult to
see a need for mitochondrial components in caspase
activation in this system. Clearly, there is no current
evidence for the proposal (Kroemer, 1997) that caspase-1
mediates the release of mitochondrial components which in
turn activate pro-caspase-3 in the CD95 system.

While the three reviews focus on a rapidly expanding
area in apoptosis research and clearly implicate the
mitochondria and cellular energy level in the execution of
apoptosis, several important questions remain unanswered
or at least controversial. The present intensity of apoptosis
research makes it highly probable that many of these
problems will soon be resolved.
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