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Recently we have found that the formation of megamitochondria in culture cells of
various sources, induced by chemicals capable of generating free radicals, is fol-
lowed by apoptotic changes of the cell. Detailed analysis on functional and morpho-
logical aspects of megamitochondria has enabled us to speculate that the formation
of megamitochondria may be a prerequisite for free radical-mediated apoptosis: free
radicals modify the mitochondrial membranes resulting in the fusion of adjacent mi-
tochondria (megamitochondria formation). If the intracellular level of free radicals is
continuously kept high, the permeability transition pores of the megamitochondria
membranes are opened and megamitochondria become swollen, Oxygen consump-
tion and the ability to synthesise ATP by swollen megamitochondria decrease dis-
tinctly. At the same time, cytochrome ¢ is released from swollen megamitochondria
into the cytoplasm. If lowered rates of the generation of reactive oxygen species from
swollen megamitochondria, possibly due to decrease in their oxygen consumption,
are effective enough to lower the intracellular level of free radicals, megamitochon-
dria may return to normal. If not, decrease in the membrane potential of megamito-
chondria membranes causes the release of apoptosis-inducing factor into the eyvto-
plasm. Cytochrome ¢ and apoptosis-inducing factor thus released into the cytoplasm

may cause cytoplasmic and nuclear apoptotic changes. Experimental data to support
this hypothesis are presented.
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Apoptosis (programmed cell death) plays a
crucial role in normal development and differ-
entiation of multicellular organisms and is es-
sential for embryogenesis and metamorpho-
sis. Apoptosis is also induced by various
pathologic conditions and a variety of agents
such as serum deprivation, ionizing radiation,
oncogene products, reactive oxygen species
(ROS) or ROS-producing toxic substances
[1-7]. Data have accumulated to demonstrate
that mitochondria are intimately related to
the initiation and progression of apoptotic
processes: apoptosis is regulated by a number
of genes, in particular those of Bel-2 family,
originally identified with follicular B-cell lym-
phoma [8]. Bel-2 is an integral protein located
mainly in the outer membrane of mitochon-
dria [9-10]. The detailed mechanism by
which Bel-2 regulates apoptosis remains to be
solved. However, the localization of Becl-2 in
the outer mitochondrial membranes raises a
possibility that its function may be related to
the functions of mitochondria which have
been implicated in apoptosis [11-13].

Cytochrome ¢, electrostatically bound to the
intermembrane space side of the inner mem-
brane of mitochondria, is released from mito-
chondria into the cytoplasm and can trigger
the activation of CED-3 family proteases and
apoptotic effects in cell-free systems contain-
ing cytosol [14-15]. Bel2 was found to pre-
vent the release of cytochrome ¢ from mito-
chondria and thus caspase activation [15]. Re-
cent works indicate that a crucial common
step in the initiation of apoptosis is the open-
ing of the mitochondrial “megachannels” or
“permeability transition (PT) pores” [16-18].
Alterations in mitochondrial permeability
transition (opening of PT pores) linked to dis-
ruption of the membrane potential is an early
change of apoptosis preceding nuclear and
plasma membrane changes [19]. Becl2 pre-
vents the PT-mediated membrane potential
collapse, both in cells and in isolated mito-
chondria [18]. Bel-2 has antioxidant proper-
ties and inhibits apoptosis by suppressing the
formation or effects of ROS [20, 21). Thus, it
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seems now generally accepted that the open-
ing of PT pores, notably by free radicals, is a
key event for the apoptotic processes of the
cell, resulting in the swelling of mitochondria
followed by a series of events linked to this
process.

STRUCTURAL CHANGES OF
MITOCHONDRIA RELATED TO
APOPTOSIS

Mitochondria undergo various structural
changes concomitant with their functional
changes in pathological conditions. These
changes are classified into three categories:
simple swelling, the formation of megamito-
chondria (MG), and the formation of par-
acrystalline or crystalline structures within
either intracrystal space or matrix space. The
former two categories are discussed here
since they are related to apoptosis.

The swelling of mitochondria and the forma-
tion of MG should be precisely distinguished
from each other, since the underlying mecha-
nisms responsible for the two categories, de-
scribed above, are completely different, and
details in this point will be discussed later.
When mitochondria reach or even exceed the
size of nucleus, one may call them MG. On the
other hand, when mitochondria become 5-6
times as large as the control, one may hesitate
to call them MG and call them “swollen mito-
chondria” without knowing precisely to what
extents mitochondria can be enlarged by the
swelling since definite criteria for MG are not
available in the literature. We can determine
to what extent mitochondria are enlarged by a
simple swelling by the following simple ex-
periments: isolated rat hepatocytes or estab-
lished rat liver cell line RL-34 at 30°C are in-
cubated in a hypotonic medium for various
lengths of time and fixed for electron micros-
copy (Fig. 1). After 10 min, mitochondria in
the rat hepatocyte become round, losing the
density of the matrix moderately (B) com-
pared to those in the control cells (A). After
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Figure 1. Ultrastructural appearances of isolated rat hepatocytes and RL-34 cells incubated with a hy-
potonie solution.

Rat hepatoeytes (A-D) and RL-34 eells (E-H) were incubated in a medium containing 15 mM Na-acetate and 5 mM
Tris/acetate, pH 7.4, at 30°C for 10 min (B, F), 20 min (C, G) and 30 min (D, H). Controls, (A) and (E).
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Figure Z. Ultrastructural appearances of isolated rat liver (A-E) and heef heart (F-H) mitochondria in-
cubated with a hypotonie solution.

Mitochondria were incubated in the solution specified in the legend to Fig. 1 at 25°C for 15 s (B), 30 s (C), 2 min (D,
) and 5 min (E, H). Controls, (A) and (E).
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Figure 3. Hydrazine- and chloramphenicol-induced apoptotic changes of the cell.

Rat hepatocytes were cultured for 22 h (B) and 72 h (C) in the presence of 2 mM hydrazine. Control, (A). RL-34
cells (D) were culture for 72 h in the presence of chloramphenicol (300 Hg/ml),
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. Hvdrazine-induced formation of megamitochondria in rat liver,

Rats were placed on a diet containing 1% hydrazine for 4 days (B) and 8 days (C-F). Arrow in (E) indicates the rup-
ture of the outer membrane of mitochondria. Control liver, (Al

20 min, the matrix of these swollen mitochon-
dria becomes more pale, and the outer mem-
brane of mitochondria becomes ruptured af-
ter 30 min (D). In the case of R1-34 cells the
swelling process of mitochondria is faster
than that of rat hepatoeytes: after 10 min, mi-
tochondria become swollen losing the matrix
density distinctly (F) indicating that the outer
membrane of mitochondria has been already
ruptured. Similarly, isolated rat liver mito-
chondria (Fig. 2 A-E) or beef heart mitochon-
dria (Fig. 2 F-H) become swollen in a hypo-

tonic medium. When the former mitochon-
dria are incubated with a hypotonic medium
at 25°C for 60 s, the transition from the con-
densed to the orthodox configuration takes
place indicating that the impermeability of
the inner membranes to sucrose is lost (open-
ing of the megachannels) (D). The outer mem-
brane of mitochondria becomes ruptured af-
ter 2 min (E). Similarly, the outer membrane
of beef heart mitochondria incubated for 5
min with a hypotonic medium is broken and
the content of the matrix is lost almost com-
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Figure 5. Chloramphenicol-induced formation of megamitochondria in mouse liver (A-C) and RL-34

cells (D-F).

Mice were fed a 2% chloramphenicol-containing diet for 10 days (B) and 15 days (C). RL-34 cells were cultured for
22 h (E) and 48 h (F) in the presence of chloramphenicol (300 gg/ml). Controls, (A) and (D).

pletely (H). It is obvious from these results
that, due to the swelling, mitochondria be-
come at most three times as large as their
original size in a hypotonic medium.

MECHANISM OF THE
MEGAMITOCHONDRIA FORMATION

Mitochondria become extremely enlarged in
various human diseases including alcoholic

intoxication and neuro-muscular diseases
[22-26]. Megamitochondria are also induced
experimentally using hydrazine, chloram-
phenicol and ethanol [27-31). Proposed
mechanisms for the formation of MG are [29]:
(1) Suppression of the mitochondrial dividing
process due to the inhibition of mitochondrial
protein synthesis. Chloramphenicol-induced
formation of MG has been assumed as a typi-
cal example of this case since chloramphe-
nicol is known to inhibit specifically protein
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Figure 6. Flow cytometric analysis of the membrane potential of mitochondria isolated from the liver of
rats fed with a 1% hydrazine-diet for 5 days and 8 days, using a fluorescent dye CMXRos.

synthesis in mitochondria. (2) Fusion of adja-
cent mitochondria. We have presented a body
of evidence to demonstrate that distinct phys-
icochemical and biochemical changes in the
mitochondrial membranes take place during
the formation of MG induced by ethanol,
chloramphenicol and hydrazine which are fa-
vorable for the membrane fusion [29, 31-37].
These changes include: increase in the rela-
tive amounts of phosphatidylethanolamine
and acidic phospholipids in phospholipid sub-
classes; increase in the ratio of unsaturated to
saturated fatty acids in phospholipid domains
of mitochondrial membranes; increase in the
content of Ca®’ in mitochondria; increase in
the mitochondrial membrane fluidity. Fur
thermore, freeze-fracture studies on the mito-
chondrial membranes during the formation
of hydrazine-induced MG have also strongly

indicated that membrane fusion must be in-
volved in this process [29].

A body of evidence is also available in the lit-
erature to suggest that free radicals are the
underlying mechanism common to ethanol-,
chloramphenicol- and hydrazine-induced for-
mations of MG [37-40]. Increase in the level
of lipid peroxides, decrease in the level of re-
duced form of glutathione and increase in the
oxidized form of glutathione are common
findings in the experimental conditions for
the MG formation. Actually, ethanol-, hydra-
zine- and chloramphenicolinduced MG for-
mations have been successfully suppressed by
scavengers of free radicals including a-
tocopherol, coenzyme Q;p (CoQpp) and 4-
hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
(4-OH-TEMPO) [38-41). Thus, it is very prob-
able that “oxidative stress state” is closely re-
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Figure 7. Flow cytometric analysis of the rate of the generation of reactive oxygen species in hydrazine-

induced megamitochondria.

Experimental conditions were the same as those described in the legend to Fig. 6 except that mitochondria were

stained with a fluorescent dye carboxy-Hy-DCFDA.

lated to the mechanism of the formation of
MG, although the molecular mechanism by
which free radicals modify physicochemical
and biochemical properties of the mitochon-
drial membranes favorable for the membrane
fusion, as described above, has not been
solved yet.

CORRELATION BETWEEN THE
FORMATION OF MEGAMITO-
CHONDRIA AND APOPTOSIS

Recently, we have established an in vitro ex-
perimental model to study the mechanism of
the formation of MG using cultured cells from
various sources and inducers of free radicals

[42]. For example, mitochondria in rat hepa-
tocytes cultured for 22 h in the presence of hy-
drazine or chloramphenicol become distinctly
enlarged. The prolongation of the cultivation
time to 48 h or longer induced apoptotic
changes of these cells in the presence of MG.
Similarly, chloramphenicol induced apoptotic
changes in RL-34 cells (Fig. 3). In the case of
chloramphenicol, the population of apoptotic
cells has reached 49% [43]. The formation of
MG and succeeding apoptosis have been sup-
pressed by 4-OH-TEMPO or cycloheximide,
an antiapoptotic agent [43]. Then a question
arises: What is the correlation between MG
formation and apoptosis?

One of the functional changes common to
MG induced by various experimental condi-
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tions and human diseases is a decrease in the

rate of oxygen consumption with lowered
phosphorylating abilities [22, 24-26, 29, 33,
37, 44-49]. We have speculated as follows: (1)
Mitochondria fuse together resulting in the
formation of MG by the action of free radi-
cals. (2) In early stages of MG formation, the
membrane potential and the content of cyto-
chrome ¢ of MG are maintained. (3) Decrease
in the rate of oxygen consumption by MG re-
sults in a decrease in the intracellular level of
ATP, and cells are arrested in G1 phase. (4)
Continuous exposure of cells to high levels of
free radicals may result in the swelling of MG
secondarily. (5) Decrease in the rate of the
oxygen consumption by MG may lead to de-
creased rates of the generation of ROS from
MG. (6) If decrease in ROS generation from
MG is effective enough to lower the intracellu-
lar level of free radicals, MG may return to
normal mitochondria both structurally and
functionally, and mitochondria regain the
ability to actively synthesize ATP. If such ef-
fects are incomplete and intracellular levels
of free radicals are kept high, MG become fur-
ther swollen, and the release of eytochrome ¢
from MG into the cytoplasm, decrease in the
membrane potential of mitochondrial mem-
brane and decrease in the intracellular level
of ATP proceed, and apoptotic changes of the
cell become distinet.

When rats are fed with a diet containing 1%
hydrazine for 4-5 days, MG are formed in the
liver (Fig. 4). At this stage, the density of the
matrix of MG is well preserved (B) compared
to that of the control mitochondria (A). Pro-
longation of the treatment of animals with
this toxic diet for up to 8-9 days induces MG
with extremely pale matrix suggesting that
MG become extremely swollen (C, D). In some
cases the outer membrane of MG becomes
ruptured (E) and MG become collapsed (F).
Similarly, the prolongation of the treatment
of mice with a 2% chloramphenicol-diet for up
to 14-15 days causes the swelling of MG (Fig.
5 C-D). Similar results are also obtained us-
ing RL-34 cells cultured in the presence of

chloramphenicol (Fig. 5 D-F). Corresponding
to the changes in the structure of MG,
changes in the membrane potential (Fig. 6)
and those in the ability to generate ROS (Fig.
7) of MG are detected. Namely, the mitochon-
drial membrane potential of MG with a dense
matrix is well preserved whereas that of MG
with pale matrix (swollen MG) is distinctly de-
creased. The amount of ROS generated from
MG with a dense matrix is essentially the
same as that of control mitochondria whereas
that generated from swollen MG is decreased,
although intracellular levels of ROS are kept
high in the cells with swollen MG compared to
those of the control cells (Fig. 8).

Thus, the speculation described above is

partly supported by the experimental data
shown here.

100
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Figure B. Flow cytometric analysis of intracellu-
lar levels of free radicals in hepatocytes isolated
from the liver of rats fed with a 1% hydrazine-diet
for 5 days and 8 days, using a fluorescent dye
carboxy-Hy-DCFDA.
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GENES CONTROLLING THE SIZE
AND DISTRIBUTION OF
MITOCHONDRIA IN THE CELL

A variety of genes controlling the size and
distribution of mitochondria in the cell have
been identified in yeast mutant cells [50-62].
For example, mutant cells lacking MMM1 or
MDM10 are endowed with MG [54, 55, 59]. In
mammalian cells, Drpl (human dynamin-
related protein) was identified in human stro-
mal cells and a mutation in the GTPase do-
main caused alterations in mitochondrial
morphology: mitochondria were dispersed
throughout the cytoplasm in normal cells
whereas cells with mutant Drpl were en-
dowed with a cluster of mitochondria near the
nucleus [61]. In contrast to genes described
above, fuzzy onions (fz0) gene encodes a pro-
tein which mediates the mitochondrial fusion
first identified during Drosophila spermato-
genes [57] and also identified during yeast
mating [56]. Drosophila FZO1 is detected only
in sperm mitochondria during a short period
of time when mitochondria fusion is oceur-
ring to form “Nebenkern” [57].

Data have been accumulated to demonstrate
an intimate correlation between mitochon-
dria and the cytoskeleton. In physioclogical
conditions, mitochondria in the hepatocyte
are scattered evenly throughout the cyto-
plasm and never aggregated in certain por-
tions of the cytoplasm. This is also the case
with adrenal cortex mitochondria. These facts
strongly suggest that there must be a control
mechanism (genes?) to regulate the distribu-
tion of mitochondria in the cell possibly via
the cytoskeleton.

PROBLEMS TO BE SOLVED

Based on the experimental data, we may
conclude that free radicals are deeply in-
volved in the mechanism of the formation of
megamitochondria which are induced under
apparently different pathological conditions

and that megamitochondria may cause apop-
totic changes of the cell. However, further in-
vestigations are absolutely necessary to an-
swer the following questions: (1) How do free
radicals modify the physicochemical and bio-
chemical properties of the mitochondrial
membranes resulting in the fusion of adjacent
mitochondria? (2) Is/are there gene(s) which
control(s) the size and the distribution of mi-
tochondria in mammalian cells? (3) If so, how
are the gene(s), the components of the cyto-
skeleton and the mitochondrial membranes
related to each other in the formation of
megamitochondria?

The author thanks Mr. M, Masaoka for his
skilled technical assistance. He is indebted to
the members of the Department of Cell Biol-
ogy and Molecular Pathology, Nagoya Univer-
sity School Medicine, especially to M. Kar-
bowski, for the experimental data. He also
thanks Dr. M. Wozniak for valuable discus-
sion and advice. The manuscript was pre-
pared by Mrs. K. Yoshioka.
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