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Recent developments have placed the mitochondria in the
focus of apoptosis research (Orrenius et al, 1997 and
references therein). Increasing evidence supports the
hypothesis that factors released from these organelles,
notably cytochrome c, can serve to activate cytoplasmic
caspases and thereby trigger the execution phase of
apoptosis (Liu et al, 1996). Similarly, microinjection of
cytochrome c into various cell types has been found to
cause cell death by apoptosis (Li et al, 1997a; Zhivotovsky et
al, 1998). Whether cytochrome c release from mitochondria is
preceded by mitochondrial permeability transition and loss of
the transmembrane potential is still a controversial issue
(Kroemer, 1997; Yang et al, 1997; Kluck et al, 1997). It is also
unknown if all caspases are equally sensitive to cytochrome
c-mediated activation.

However, the observations that alterations in mitochon-
drial function and release of cytochrome c may be of
importance for cell death are not novel. Before the epoch of
apoptosis, cell death was studied quite intensively in
radiation biology, because it is the ultimate effect of
ionizing radiation. Studies of radiation-induced alterations
in the cellular bioenergetic machinery was one of the most
actively developing areas in radiobiology in the 1950s and
1960s (Ashwell and Hickman, 1952; vanBekkum, 1957;
Scaife, 1964; Manoilov, 1968). Cell death was divided into
reproductive cell death (dependent on the mitotic cycle) and
interphase cell death (Okada, 1970). The latter was early
regarded as a classic example of apoptosis (Hanson, 1979;
Yamada and Ohyama, 1988). More recently, it has become
clear that radiation-induced reproductive cell death often
also occurs by apoptosis. Furthermore, tissues were
divided into radiosensitive (thymus, spleen, small intes-
tine, etc.) and radioresistant (liver, heart, brain, etc.)
according to the early appearance of cell death after
irradiation (Bacq and Alexander, 1961).

During the search for mechanisms of early massive cell
death in radiosensitive tissues in the 1950s, suppression of
oxidative phosphorylation in mitochondria from thymus and
spleen was described (Ashwell and Hickman, 1952). This
phenomenon was not seen in the mitochondria from
radioresistant tissues (Hanson and Mytareva, 1967). The
suppression of oxidative phosphorylation was observed
30 ± 60 min after whole-body X-irradiation of rats with

relatively low doses of radiation (50 ± 100 cGy) (vanBek-
kum, 1957). In radiosensitive tissues, the suppression of
oxidative phosphorylation was associated with the forma-
tion of pyknotic nuclei (vanBekkum et al, 1964). Using
selective dyes, it was found that there was a retardation of
electron transport between cytochromes b and c in thymus
mitochondria which exhibited lower levels of cytochrome c
after irradiation (Scaife, 1964). Thus, the radiation lesion
was believed to be due to the looser binding of cytochrome
c to the mitochondrial inner membrane after X-irradiation.

This observation was in accordance with the previous
finding that addition of exogenous cytochrome c could
stimulate oxidative phosphorylation in mitochondria isolated
from radiosensitive, but not from radioresistant, tissues of
irradiated rats (Manoilov and Hanson, 1964; Hanson and
Mytareva, 1967). Loss of cytochrome c was not a result of
its simple escape from the mitochondria, since additional
washing of the mitochondrial fraction with isotonic buffer did
not increase the `cytochrome c' effect (van Bekkum, 1957).
Neither did in vitro irradiation of isolated mitochondria
cause increased enzyme release (Scaife and Hill, 1963).
Thus, it was suggested that the perturbation of mitochon-
drial electron transfer in radiosensitive tissues was based
on a controlled release of cytochrome c from the
mitochondria and the appearance of the hemoprotein in
the cytosol (Scaife, 1964, 1966). It is interesting to note that
irradiation damage to cytochrome c in vitro was appreciably
less when it was in the fully reduced state rather than
partially oxidized or undergoing alternative oxidation-
reduction changes. In strong support of these earlier
observations are recent reports on cytochrome c release
from mitochondria in cells undergoing radiation-induced cell
death (Kharbanda et al., 1997; Chauhan et al., 1998) and
on the importance of the redox state of cytochrome c during
caspase activation in cytosolic extracts (Hampton et al.,
1998).

It is also of interest that only a modest decrease in ATP
levels was observed in thymus, spleen and ascites tumor
cells following irradiation (Scaife, 1966). This observation
suggested that the loss of functional cytochrome c from the
mitochondria was not large enough to markedly depress
ATP production by the mitochondria or that this loss could
be compensated for by glycolytic phosphorylation systems.
In fact, several recent observations support the idea that a
combination of cytochrome c release and maintenance of a
sizable intracellular ATP pool is required for the execution
of the apoptotic suicide program (Tsujimoto, 1997; Nicotera
and Leist, 1997). In recent reviews, Reed (1997) and
Schendel (1998) discuss two pathways of cell killing by
cytochrome c released from the mitochondria. One of them
involves activation of the caspase cascade by the
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interaction of the released hemoprotein with Apaf-1 and
pro-caspase-9 in the cytosol, while the other one is related
to the retardation of mitochondrial electron transport and
subsequent impairment of ATP production and promotion of
the generation of reactive oxygen species. This second
pathway is very similar to the one described by Scaife
(1966) many years ago.

Thus, the mitochondria and their release of cytochrome c
was in the focus of cell death research more than thirty
years ago. The mechanism then was believed to be
restricted to impairment of ATP production and enhanced
generation of reactive oxygen species. The recent
developments have added another mechanism, i.e.
caspase activation by the released cytochrome c, which
is now believed to be critical for the apoptotic process (Zou
et al, 1997; Li et al, 1997). Future research will reveal
whether there are additional mechanisms by which the
mitochondria can kill their host cells.
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