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Abstract Micromolar concentrations (0.5� 5 mM) of all-trans geranylgeranoic acid (GGA) induced cell death in a
guinea pig cell line, 104C1, whereas under the same conditions GGAwas unable to kill 104C1/O4C, a clone established
from 104C1 cells by transfection of them with the human phospholipid hydroperoxide glutathione peroxidase (PHGPx)
gene. GGA (5 mM) induced a loss of the mitochondrial inner membrane potential (DCm) in 104C1 cells in 2 h, and their
apoptotic cell death becameevident in 6h.On theother hand, 104C1/O4Ccellswere resistant to loss ofDCmand showed
intact morphology until at least 24 h after addition of 10 mM GGA. Dihydroethidine, superoxide-sensitive probe, was
immediately oxidized 15 min after addition of GGA in both 104C1 and 104C1/O4C cells. The peroxide-sensitive probe
20,70-dichlorofluorescin diacetate (H2-DCF-DA) was strongly oxidized in 104C1 cells 4 h after the addition of 2.5 mM
GGA, but not in 104C1/O4C cells even in the presence of 10 mMGGA. The present results suggest that GGA induced a
hyper-production of superoxide and subsequently peroxides, which in turn may have led to dissipation of the DCm and
final apoptotic cell death in 104C1 cells. J. Cell. Biochem. 97: 178–187, 2006. � 2005 Wiley-Liss, Inc.
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All-transgeranylgeranoic acid (GGA)hasbeen
reported as a micromolar lipid inducer of
differentiation and/or apoptosis in the human
hepatoma-derived cell line HuH-7 [Yamada
et al., 1994; Nakamura et al., 1995] as well as a
potent ligand for both cellular retinoic acid-
binding protein [Muto et al., 1981] and nuclear
retinoid receptors [Araki et al., 1995]. The
induction of hepatic differentiation in HuH-7
cells by GGA derivatives (e.g., 4,5-didehydro
GGA), as evidenced by up-regulation of albumin

production and hepatocyte nuclear factor-1 gene
expression and down-regulation of a-fetoprotein
and c-myc gene expression can be explained by
their retinoidal action through transacting fac-
tors, i.e., retinoic acid receptors (RARs) and
retinoid X-activated receptors (RXRs). Because
9-cis retinoic acid, a putative natural ligand for
both RAR and RXR, showed the same effects at
its sub-micromolar concentration on the cellular
expression of the above-mentioned genes as 4,5-
didehydro GGA did at higher (micromolar)
concentrations [Yamada et al., 1994], GGA and
4,5-didehydro GGA have been recognized acyclic
retinoids that show rather weaker potency to
transactivate their target genes than natural
retinoids [Araki et al., 1995].

In contrast, its apoptosis-inducing ability
seems to be a non-retinoidal function of GGA,
because neither all-trans nor 9-cis retinoic
acid caused the death of the hepatoma cells
[Nakamura et al., 1995]. Interestingly, this
extra-retinoid function of GGA was found
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selectively in hepatoma cells but not in primary
hepatocytes [Nakamura et al., 1996; Shidoji
et al., 1997]. Although the molecular mechan-
ism of GGA-induced apoptosis has proved to be
elusive, the hepatoma-selective induction of
apoptosis by GGA apparently coincides with
GGA-induced dissipation of the mitochondrial
inner membrane potential (DCm) [Shidoji et al.,
1997]. a-Tocopherol, a lipophilic antioxidant,
substantially protected mitochondria from the
rapid collapse ofDCm and blocked the apoptotic
cell death until 24 h after addition of GGA
[Shidoji et al., 1997], suggesting that the GGA-
induced loss of DCm may be conveyed by
excessive oxidation reactions in the vicinity of
the mitochondrial inner membrane.

Recently, we found that transfection of gui-
nea pig cells with human phospholipid hydro-
peroxide glutathione peroxidase (PHGPx)
cDNA [Esworthy et al., 1994] carrying a code
for a mitochondrial-transfer signal protected
the cells from lipid hydroperoxide-mediated cell
injury by preventing the dissipation of the DCm
[Yagi et al., 1996, 1998]. It has been suggested
that mitochondrial PHGPx plays a preventive
role against hydroperoxide-mediated injury to
mitochondria by enzymatically reducing hy-
droperoxides of cardiolipin, a peculiar phos-
pholipids abundant in the mitochondrial inner
membrane [Duan et al., 1988; Sun et al., 1997].
Cardiolipin is particularly rich in polyunsatu-
rated fatty acids, which are vulnerable to
oxidative attack. It is reasonable to think that
mitochondrial cardiolipin may be degraded by
enhanced peroxidation reactions during apop-
totic cell death. In fact, Vogelstein’s group
reported a dramatic decrease in the intracellu-
lar content of mitochondrial cardiolipin soon
after reactive oxygen species (ROS) had been
generated during p53-induced apoptosis
[Polyak et al., 1977]. Hence, one can speculate
that PHGPx may hamper the mitochondrial
damage and cell death induced by GGA.

In the present study, we addressed whether
GGA could enhance peroxidation reactions in
guinea pig cells and whether the humanPHGPx
or hGPX-4 gene would be able to prevent GGA-
induced disruption of DCm and to block the
resultant apoptotic cell death. By using several
fluorogenic probes sensitive to either DCm or
intracellular peroxidation reactions, we found
that micromolar concentrations of GGA induc-
ed a rapid loss ofDCm in the guinea pig cells and
that the ectopic and constitutive expression of

the hGPX-4 gene prevented the early collapse of
DCm, which prevention coincided with a reduc-
tion in the level of intracellular peroxide.

MATERIALS AND METHODS

Materials

The guinea pig cell line used, 104C1, an
in vitro transformed fibroblast-derived cell line,
was obtained from the Japanese Cancer
Research Resources Bank (Tsukuba, Japan).
104C1/O4C, a stable transfectant clone consti-
tutively expressing the hGPX-4 gene, was
established from 104C1 by us as described in
detail previously [Yagi et al., 1996]. A DCm-
sensitive fluorescent probe, JC-1 (5,50,6,60-tet-
rachloro-1,10,3,30-tetraethyl-benzimidazolyl-
carbocyanine iodide) was purchased from
Molecular Probes (Eugene, OR). A fluorophore
specific for peroxidation reactions, 20,70-dichlor-
ofluorescin diacetate (H2-DCF-DA) [Afri et al.,
2004] was from Kodak (Rochester, NY). Dihy-
droethidine, a fluorogenic probe for superoxide-
mediated reactions [Daiber et al., 2004], was
obtained from Sigma-Aldrich (Tokyo, Japan).
All-trans GGA was kindly provided by Kuraray
Co. (Kurashiki Okayama, Japan).

Treatment of Cells With GGA

Cells from confluent cultures of 104C1 or
104C1/O4C cells were inoculated into 12-well
culture plates after a 12-fold dilution with RPMI
1640 medium (Sigma-Aldrich) containing 10%
fetal bovine serum (FBS). Two days before the
treatment of cells with GGA, the medium was
replaced with FBS-free RPMI 1640. The etha-
nolic solution of GGA (10 mM) was added to the
medium at the final concentrations indicated
in the legends of Figures. The concentration
of the vehicle in the medium was adjusted to
0.1 (v/v)%.

Fluorescence Microscopy

After the addition of GGA, the DCm was
visualized by vital staining of mitochondria
with 2 mg/ml JC-1. Its monomeric green fluor-
escence or J-aggregate-dependent red fluores-
cence was observed with a Nikon Diaphot-TMD
inverted fluorescence microscope. The data for
microscopic images were obtained by use of the
NIH Image program (ver 1.62, developed at the
U.S. National Institutes of Health, Bethesda,
MD) to measure the cellular intensity of the red
fluorescence as the integrated density per cell
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by summing of the pixels in each cell with
background subtracted and processing on a
StatView, ver 4.5 to make histogram.

Intracellular peroxidation reactions were
observed by fluorogenic conversion of either
H2-DCF-DA to 20,70-dichlorofluorescein (DCF)
or dihydroethidine to ethidium. The cellular
intensity of the yellow–green fluorescence of
DCF in the cytoplasm and the red fluorescence
of ethidium intercalated in the chromosomal
DNA were calculated with the NIH Image
software, the same as indicated above.

Others

A number of viable cells were counted on a
Burker-Turk counter by Trypan blue dye-
exclusion after detachment with trypsin. The
concentration of GGA was measured by liquid
chromatography-mass spectrometry (LC/MS)
[Shidoji and Ogawa, 2004]. HPLC was per-
formed by using a Waters 2690 separations
module (Waters, Milford, MA) equipped with a
semi-micro Capcell-Pak UG80 reverse-phase C-
18 column (2.0� 50 mm, 3 mm; Shiseido Fine
Chemicals, Tokyo, Japan). In-line MS was
performed by using a Waters ZMD 2000
equipped with an electrospray interface and
operated in the negative ion mode.

RESULTS

GGA-Induced Cell Death in PHGPx-Null Cells,
But Not in PHGPx-Expressing Cells (Fig. 1)

It is well established that guinea pig fibro-
blast-derived 104C1 cells produce no PHGPx
enzyme [Yagi et al., 1996]. Figure 1 shows the

effects of GGA treatment on the viability of
PHGPx-negative (104C1) and -positive guinea
pig cell lines (104C1/O4C). When 104C1 cells
were exposed to 10 mM GGA, the cells started to
die in 6 h, and almost all of them were gone in
24 h (Fig. 1A). In the dose-response experiment,
at 16 h, the cells started to die at 2.5 mM GGA,
almost all died at more than 20 mM GGA, and
half of the cell population died at approximately
6.5mM GGA (ld50) (Fig. 1B). The mode of the cell
death was suggested to be apoptosis in view of
the morphological changes such as chromatin
condensation (data not shown). In sharp con-
trast, the 104C1/O4C cells, a 104C1-derived
clone that constitutively expresses the hGPX-4
gene and accumulates hPHGPx enzyme protein
in its mitochondria [Yagi et al., 1996], survived
and even grew well in the presence of 10 mM
GGA (Fig. 1A) and were still alive at 16 h even at
the maximum concentration tested, i.e., 50 mM
GGA (Fig. 1B), indicating that the constitutive
expression of the hGPX-4 gene produced a new
phenotype resistant against GGA.

GGA-Induced Collapse of DCm in PHGPx-Null
Cells, But Not in PHGPx-Expressing Cells (Fig. 2)

During GGA-induced apoptosis in human
hepatoma-derived HuH-7 cells, we found
immediate and dramatic changes in DCm by
using rhodamine 123 [Shidoji et al., 1997]. In
the present study, DCm was measured with the
fluorogenic probe JC-1, which is a more quanti-
tative indicator for DCm than rhodamine 123.
The red fluorescence of JC-1 was detected in
the cytoplasmic space and was excluded from
the nuclear region of 104C1 cells, although the

Fig. 1. Viable cell number after treatment of 104C1 (open
circle) and 104C1/O4C (closed circle) cells with all-trans
geranylgeranoic acid (GGA). A: Relative cell number is
expressed as a percentage of the control (0–time cultures) at
the indicated time points after addition of 10 mM GGA. Each

point represents the mean value of triplicate wells. B: Relative
cell number is expressed as a percentage of the control (vehicle-
treated cultures) at 16 h after addition of GGA at the indicated
concentrations. Each point represents the mean value of
triplicate wells.
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intensity of cellular fluorescence was variable
among cells depending on theirDCm (Fig. 2E). A
rapid (2h)andsignificant (P< 0.005) lossofDCm
was induced even at 0.5 mM GGA (Figs. 2F, 3B),
without any morphological changes discernible
by phase-contrast microscopy (Fig. 2B). The
disruptiveeffectofGGAonDCmwasdosedepen-
dent in 104C1 cells (Figs. 2, 3). Under the basal
condition, 104C1/O4C cells harboring thehGPX-
4 gene also showed the red fluorescence of JC-1
only in their cytoplasm (Fig. 2M). In sharp
contrast to the parent 104C1 cells, however, the
104C1/O4C cells did not lose the cytoplasmic red
fluorescence even in the presence of 5 mM GGA
(Fig. 2P), indicating that the cells and their
mitochondria became apparently resistant to
the GGA treatment.

When these fluorescent images were quanti-
tatively analyzed by NIH-Image software, the
relative intensity of JC-1 red fluorescence
per cell showed a normal distribution with
the mean value of 41,750� 1,750 pixels/cell

(mean�SEM) in the vehicle-treated 104C1
cells (Fig. 3A). The mean cellular intensity of
the red fluorescence was logarithmically de-
creased by increasing the concentration of GGA
from 0.5 to 5mM (Fig. 3A–D). On the other hand,
the mean value of the cellular intensity of
the red fluorescence was slightly increased in
PHGPx-positive clonal 104C1/O4C cells, com-
pared with that of the 104C1 cells under the
basal condition. Furthermore, in sharp contrast
to the case of 104C1 cells, increasing the conc-
entration of GGA even to 5mM failed to diminish
the red fluorescence in these cells (Fig. 3H).

Hyper-Production of Peroxidation Reactions
Induced by GGA in Both Cell Lines

Figure 4 shows the effects of increasing the
concentration of GGA on the production of
cellular ROS, as probed by dihydroethidine, in
both cell lines. When dihydroethidine was oxi-
dized by ROS such as superoxide anion radicals
in the cells, the resultant ethidium became

Fig. 2. Phase-contrast and JC-1 fluorescence micrographs of
104C1 (upper two panels) and 104C1/O4C (lower two panels)
cells treated with different concentrations of GGA. 104C1 cells
were treated with vehicle alone (A, E) or 0.5 (B, F), 1 (C, G), or 5
(D, H) mM GGA. The red fluorescence of JC-1 aggregates was
detected at 2 h after addition of GGA (E–H), and phase-contrast
micrographs of the same fields were also taken at the same time
(A–D). 104C1/O4Ccellswere treatedwith vehicle alone (I,M) or

0.5 (J, N), 1 (K, O), or 5 (L, P) mM GGA. JC-1 aggregates, as
indicated by the red fluorescence, were detected at 2 h after the
addition of GGA (M–P). Corresponding phase-contrast micro-
graphs were also taken at the same time (I–L). This experiment
was conducted by using triplicate wells, and representative
results are shown. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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intercalated into the genomic DNA, thus produ-
cing nuclei with red fluorescence. The oxidation
reactionofdihydroethidinetothered-fluorescent
ethidiumwasinducedin15minaftertheaddition
of 0.5 mM GGA in both cell lines (Fig. 4F, N).
Furthermore, both cell lines were similarly dose
dependently sensitive to GGA from 0.5 to 5 mM
to oxidize dihydroethidine. The time-course of
GGA-induced oxidation of dihydroethidine was

alsosimilar inbothcell lines,withapeakbetween
15 and 30 min after the addition of GGA, and the
red fluorescence returned to the base line in
60 min (Fig. 5).

Next, we searched other ROSs such as
peroxides to differentiate the effects of GGA in
the PHGPx-negative and -positive cell lines.
Until 2 h of GGA-treatment, GGA produced no
change in the rate of oxidation of H2-DCF-DA in

Fig. 3. Histograms of the intensity of cellular JC-1 red
fluorescence in 104C1 (left panels) and 104C1/O4C (right
panels) cells treated with different concentrations of GGA. From
the results of the experiment shown in Figure 2, the fluorescence
images were quantitatively analyzed as described in the
‘‘Materials and Methods.’’ The abscissa shows the relative
intensity of JC-1 red fluorescence per cell, expressed as pixels/
cell; and the ordinate, the percentage distribution of hierarchy.
104C1 cells were treated for 1 h with vehicle alone (A) or 0.5 (B),

1 (C) or 5 (D) mMGGA. The intensity of red fluorescence of JC-1
aggregates was quantified per cell basis, and the mean values
with standard errors were 41.8�1.8 (A), 14.5� 1.1 (B),
8.1� 0.45 (C), and 1.8�0.4 (D) k pixels/cell. 104C1/O4C cells
were treated for 1 hwith vehicle alone (E) or 0.5 (F), 1 (G) or 5 (H)
mM GGA. The intensity of red fluorescence of JC-1 aggregates
was quantified as stated above, and the mean values with
standard errorswere 50.1�2.5 (E), 38.0� 2.0 (F), 47.4�2.5 (G),
and 33.8�2.1 (H) k pixels/cell.
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either cell line compared with the rate for the
vehicle-treated cells (data not shown). A 4-h
treatment of 104C1 cells with 2.5 mM GGA
caused the intracellular production and accu-
mulation of DCF, a green–yellow fluorescent
and peroxidative product derived from the
non-fluorescent H2-DCF-DA (Fig. 6D). In con-
trast, the 104C1/O4C cells produced only small
amount of the fluorescent product after a 4-h
treatment with 5 mM GGA (Fig. 6H). When the
fluorescent images were analyzed quantita-
tively by using the NIH-Image software, the
basal production of peroxides in the PHGPx-
positive cells was significantly less than that
in the enzyme-negative cells, as shown in
Figure 7. As a result, a ratio of DCF fluorescence
intensity in 104C1 cells to that in 104C1/O4C
cells was increased from 39.5 to 90.3 by the GGA
treatment.

DISCUSSION

In the present study, we clearly showed for
the first time that GGA at micromolar concen-

Fig. 4. Phase-contrast and dihydroethidine fluorescence
micrographs of 104C1 (upper two panels) and 104C1/O4C
(lower two panels) cells treated with different concentrations of
GGA.104C1cellswere treatedwith vehicle alone (A, E) or 0.5 (B,
F), 1 (C,G) or 5 (D,H)mMGGA.The red fluorescence of ethidium
intercalated into the nuclear DNA was detected at 15 min after
the addition of GGA (E–H), and corresponding phase-contrast
micrographs were also taken at the same time (A–D). 104C1/

O4Ccellswere treatedwith vehicle alone (I,M) or 0.5 (J,N), 1 (K,
O) or 5 (L, P) mMGGA. Ethidiumwas detected at 15min after the
addition of GGA (M–P), and respective phase-contrast micro-
graphs were also taken at the same time (I–L). This experiment
was conducted with triplicate wells, and representative results
are shown. [Color figure can be viewed in the online issue,which
is available at www.interscience.wiley.com.]

Fig. 5. Time-dependent changes in cellular intensity of
dihydroethidine-derived red fluorescence of 104C1 (open
circles) and 104C1/O4C (closed circles) cells treated with 5 mM
GGA. The red fluorescence of ethidium intercalated into the
nuclear DNA was quantitatively analyzed as described in the
‘‘Materials and Methods.’’ Each point represents the mean� SE
(n¼500�1,000).
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trations induced a rapid loss of the mitochon-
drial inner membrane potential (DCm) in 104C1
cells through hyper-production of ROS. In other
words, the forced expression of thehGPX-4 gene
was unequivocally shown to cancel this early
effect of the micromolar polyprenoic acid on the
mitochondrial function. Consequently, GGA-
resistance was established in these PHGPx-
expressing cells.

Previously, we found a transient loss of DCm
during GGA-induced apoptosis in HuH-7 cells
in the presence of caspase inhibitors [Shidoji
et al., 1997]. These peptide inhibitors blocked or
delayed the GGA-induced apoptotic cell death,
but did not prevent the rapid loss of DCm; and
the dissipated DCm was restored later to the

normal level. Furthermore, a-tocopherol pro-
tected the mitochondria of hepatoma cells from
the rapid collapse of DCm as well as the
cells from GGA-induced apoptotic cell death
[Shidoji et al., 1997]. Therefore, we proposed
that mitochondrial dysfunction (loss of DCm)
might be an early and triggering event for cell
death, although the loss of DCm was still a
reversible process during the GGA-induced
apoptosis. Although a-tocopherol is a well-
known antioxidant, we were unaware which
ROSs might be involved in the GGA-induced
apoptosis, because a-tocopherol prevented
GGA-induced hyper-production of both super-
oxide anion radicals and hydrogen peroxides
probed by dihydroethidine and H2-DCF-DA in
HuH-7 cells, respectively (unpublished results).

Guinea pig-derived 104C1 cells are known to
have a negligible level of endogenous PHGPx
enzyme protein [Yagi et al., 1996], and the
addition of selenium to the medium did not
induce any activity of PHGPx [Sun et al., 1997].
PHGPx is a unique antioxidant enzyme in that
it reduces lipid hydroperoxides and possesses
an N-terminal mitochondrial targeting signal
[Pushpa-Rekha et al., 1995]. One can well
expect that phospholipid hydroperoxides, once
formed intracellularly, might efficiently accu-
mulate all over the membrane system, includ-
ing the mitochondrial inner membrane, of the
104C1 cells. When the peroxidized lipid reaches

Fig. 6. Phase-contrast and 20,70-dichlorofluorescein (DCF)
fluorescence micrographs of 104C1 (upper four panels) and
104C1/O4C (lower four panels) cells after treatment with GGA.
104C1 cells were treated with vehicle alone (A, C) or 2.5 mM
GGA (B,D). The green–yellowfluorescence ofDCFgenerated in
the cytoplasm was detected at 4 h after the addition of GGA (C,
D). Phase-contrastmicrographs of the samefieldswere also taken
at the same time (A, B). 104C1/O4C cells were treated with
vehicle alone (E,G) or 2.5 mMGGA (F,H). DCF fluorescencewas
observed at 4 h after the addition of GGA (G, H), and
corresponding phase-contrast micrographs were also taken at
the same time (E, F). Triplicate wells were used, and representa-
tive results are shown. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Fig. 7. Quantitative analysis of the intensity of cellular DCF
green–yellow fluorescence in 104C1 and 104C1/O4C cells after
treatmentwithGGA. From the results of the experiment shown in
Figure 6, the fluorescent images were quantitatively analyzed
as described in the ‘‘Materials and Methods.’’ Mean� SE
(n¼500�1,000).
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the inner membrane of mitochondria, the lipid
might induce a permeability transition that
could be involved in the collapse of the DCm
[Skulachev, 1996]. In fact, phosphatidylcholine
monohydroperoxide, when added to the culture
medium, caused a rapid and transient dissipa-
tion of the DCm and apoptotic cell death in
104C1 cells, but not in 104C1/O4C cells [Yagi
et al., 1998]. Because concrete evidence has
accumulated indicating peroxidative modifica-
tions of mitochondrial proteins (e.g., adenine
nucleotide translocase or ANT) and lipids (e.g.,
cardiolipin) in cell-free systems [Masini et al.,
1993;Giron-CalleandSchmid,1996;Ritovetal.,
1996; Halestrap et al., 1997], we can easily
assume that exogenous phospholipid hydroper-
oxides might cause oxidative damage to ANT
and cardiolipin in the mitochondria of 104C1
cells. Similar disruption of intracellular pro-
cesses may well happen in GGA-treated 104C1
cells. If ANT and cardiolipin are damaged by the
peroxidation reactions induced by GGA treat-
ment, it would be difficult for the cell to keep its
DCm intact.

It is worthwhile to mention that mitochon-
drial PHGPx is colocalized with ANT at the
contact site between the inner- and outer-
membranes, where other proteins are known
to exist, such as cardiolipin synthetase, Bcl-2,
porin, and so on [Kroemer et al., 1997], thus
suggesting that PHGPx may be an active
component of the permeability transition pore
to protect the pore from oxidative damage.
Therefore, one of the reasons why 104C1/O4C
cells harboring the hGPX-4 gene, which carries
the code for the mitochondrial transfer signal of
hPHGPx, were resistant to GGA-induced col-
lapse ofDCm could be that PHGPx expressed in
104C1/O4C cells is involved in protecting ANT
and/or cardiolipin in situ from peroxidative
damage. We are now investigating the integrity
of ANT and cardiolipin after GGA treatment in
both cell lines.

PHGPx is an enzyme that catalyzes the
reduction of phospholipid hydroperoxides to
their hydroxy phospholipids as well as reduces
hydrogen peroxide to water. The forced expres-
sion of the hGPX-4 gene in the PHGPx-negative
cells might decrease the intracellular content of
the endogenously produced phospholipid hydro-
peroxides and hydrogen peroxide sufficiently to
attenuate the peroxidative reactions. In order to
illustrate the protective effect of the PHGPx
enzyme against GGA treatment, it is essential

for us to measure the remaining hydroperoxides
level in the cells.

Next, we must discuss how GGA treatment
can give rise to hyper-production of ROSs or
enhanced peroxidation reactions in the cells.
Many antitumor agents and apoptosis-inducing
small chemicals such as arotinoids [Chun et al.,
2003], paclitaxel [Andre et al., 2002], terpenoids
[Tan et al., 2003], flavonoids [Shen et al., 2004],
and polyphenols [Nakagawa et al., 2004] have
been reported to generate ROSs during apopto-
sis, although these compounds have no common
chemical structure or properties. The produc-
tion of ROSs is commonly an early event that
occurs within 15� 30 min after addition of such
drugs. Inasmuch as these agents including GGA
are not pro-oxidant, they should have intracel-
lular target site(s) to generate ROSs. One of the
major ROS-generating organelles is the mito-
chondrion. GGA-induced generation of super-
oxide anion radicals may be explained by
impairment of the mitochondrial electron trans-
port system. However, no evidence has been so
far demonstrated for any interactions of GGA
with the respiratory chain, except that GGA and
CoQ10, a lipid messenger for electron transport
from complex I or II to complex III, have a
common structural domain. In the present
study, GGA induced a hyper-production of
superoxide with a peak at 15� 30 min in both
104C1 and 104C1/O4C clones, suggesting that
mitochondria may serve as direct targets for
GGA and the generated superoxide may be
converted to hydrogen peroxide by mitochon-
drial superoxide dismutase with the same
kinetics in both cell lines. We speculate that
the converted hydrogen peroxide might conse-
quently accumulate in PHGPx-null 104C1 cells,
but might be reduced to water in PHGPx-
expressing 104C1/O4C cells. In fact, a signifi-
cant accumulation of hydrogen peroxide was
detected at 4 h after the GGA addition only in
104C1 cells (Figs. 6, 7).

In sharp contrast to 104C1 cells, 104C1/O4C
cells did not accumulate hydrogen peroxide,
probably because the expressed hPHGPx enzy-
me might convert hydrogen peroxide in situ to
the inert water in mitochondria. In other words,
the forced expression of the hGPX-4 gene in the
PHGPx-negative cells may decrease the intra-
mitochondrial contents of the endogenously
produced hydrogen peroxide enough to attenu-
ate the peroxidative reactions. Recently, we
found an efficient positive-cooperative catalytic
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activity of recombinant hPHGPx toward cardi-
olipin monohydroperoxide with a Hill coeffi-
cient value of 2.33 [Shidoji et al., 2002]. The
measurement of the putative cardiolipin hydro-
peroxide level in the cells is essential to confirm
a PHGPx-based protective mechanism against
GGA-induced apoptosis.

In conclusion, GGA-induced dissipation of the
DCm in guinea pig 104C1 cells and the resultant
apoptotic cell death were both prevented by
the constitutive expression of the antioxidant
enzyme PHGPx, strongly indicating that cellu-
lar peroxides are involved in the molecular
mechanism of GGA-induced apoptosis.
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