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Abstract

Bax/Bak activation and cardiolipin peroxidation are essential for cytochrome c release during apoptosis, yet, the link between them
remains elusive. We report that sequence of events after exposure of mouse embryonic fibroblast (MEF) cells to actinomycin D followed
the order: Bax translocation ? superoxide production ? cardiolipin peroxidation. Genetic ablation of Bax/Bak inhibited actinomycin D
induced superoxide production and cardiolipin peroxidation. Rotenone caused robust superoxide generation but did not trigger cardi-
olipin peroxidation in Bax/Bak double knockout MEF cells. This suggests that, in addition to participating in ROS generation, Bax/Bak
play another specific role in cardiolipin oxidation. In isolated mitochondria, recombinant Bax enhanced succinate induced cardiolipin
oxidation and cytochrome c release. Mitochondrial peroxidase activity, likely involved in cardiolipin peroxidation, was enhanced upon
incubation with recombinant Bax. Thus, cardiolipin peroxidation may be causatively and time-dependently related to Bax/Bak effects on
ROS generation and peroxidase activation of cytochrome c.
� 2008 Elsevier Inc. All rights reserved.
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Release of cytochrome (cyt) c from mitochondria into
the cytosol is a defining event that marks the point of no
return in apoptotic signaling pathway. The precise mecha-
nisms of cyt c release remain elusive. Activation of Bax/
Bak to form a requisite gateway on the outer mitochondrial
membrane (OMM) has been pointed as a direct trigger
[1,2]. In addition to the critical role in OMM permeabiliza-
tion, Bax/Bak have been associated with earlier events of
the mitochondrial stage of apoptosis. It has been reported
that Bax acts upstream of increased reactive oxygen species
(ROS) production in nerve growth factor-deprived neurons
and that Bax induced ROS burst is both necessary and suf-
ficient for cyt c redistribution in these cells [3]. Priault et al.
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[4] suggested that Bax induced cell death is related to gen-
eration of ROS and membrane lipid peroxidation.

Accumulating evidence indicates that cardiolipin (CL), a
mitochondria specific phospholipid, is involved in the
apoptotic pathways that initiate release of cyt c from the
mitochondrial intermembrane space [5–7]. Disassociation
of cyt c from the inner-mitochondria membrane (IMM)
[8,9], by peroxidation of CL is considered the first step
for the departure of cyt c from mitochondria [10]. A likely
involvement of CL peroxidation products in mitochondrial
permeabilization is supported by the restored ability of
oxidized CL to release Smac/Diablo from mitochondria
isolated from cyt c deficient cells [11].

While the link between Bax/Bak activation and CL oxi-
dation in the regulation of cyt c release during apoptosis
remains unspecified [4,6,12], two processes—generation of
ROS and activation of cyt c into a CL-specific peroxidase
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[11]—are essential requisites for the oxidation of CL. Here,
we report that Bax/Bak controls CL oxidation by affecting
both of these processes.

Materials and methods

Cell culture. Wild-type (WT) and Bax/Bak double knockout (DKO)
mouse embryonic fibroblast (MEF) cells are courtesy of Dr. S.J. Kors-
meyer’s lab (Dana-Farber Cancer Institute, Boston, MA) and maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% heat
inactivated fetal bovine serum, 0.1 mmol/L non-essential amino acids,
0.1 lmol/L 2-mercaptoethanol, and antibiotics at 37 �C in an atmosphere
of 95% air and 5% CO2.

Superoxide generation. Oxidation-dependent fluorogenic dye, dihy-
droethidium (DHE) was used to evaluate intracellular production of
superoxide radicals. Briefly, cells were incubated with 5 lM DHE for
30 min at the indicated time point. Cells were collected by trypsinization
and resuspended in PBS. The fluorescence of ethidium was measured using
a FACScan flow cytometer (Becton–Dickinson, Rutherford, NJ) supplied
with the CellQuest software. Mean fluorescence intensity from 10,000 cells
was acquired using a 585/42 nm bandpass filter.

HPTLC separation of phospholipids and CL oxidation assay. Lipids
were extracted from cells and resolved by 2D HPTLC as previously
described [13]. Spots of phospholipids were scraped from the HPTLC
plates and phospholipids were extracted from silica. Lipid phosphorus was
determined by a micro-method [13]. CL hydroperoxides were determined
by fluorescence HPLC of products formed in Microperoxidase (MP)-11-
catalyzed reaction with a fluorogenic substrate, Amplex Red. Oxidized
phospholipids were hydrolyzed by pancreatic phospholipase A2 (2 U/mL)
in 25 mM phosphate buffer containing 1 mM CaCl2, 0.5 mM EDTA, and
0.5 mM SDS (pH 8.0 at RT for 30 min). After that Amplex Red and MP-
11 were added and samples were incubated for 40 min at 4 �C. Shimadzu
LC-100AT vp HPLC system (Shimadzu, Columbia, MD) equipped with
fluorescence detector (RF-10Axl, Excitation/Emission = 560/590 nm) and
autosampler (SIL-10AD vp) were used for the analysis of products sep-
arated by HPLC (Eclipse XDB-C18 column, 5 lm, 150 � 4.6 mm, Agilent
Technology, Santa Clara, CA). Mobile phase was composed of NaH2PO4

(25 mM, pH 7.0)/methanol (60:40 v/v).
Immunoblotting. Harvested cells were resuspended in lysis buffer con-

taining 250 mM sucrose, 20 mM Hepes–KOH, pH 7.5, 10 mM KCl,
1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF,
1 lg/mL aprotinin, 1 lg/mL leupeptin, and 0.05% digitonin for 4 min on
ice, and then centrifuged at 10,000g for 5 min. The resulting supernatants
and pellets were subjected to 12% SDS–PAGE and then transferred to a
nitrocellulose membrane, which was probed with antibodies against Bax
(clone 6A7, Pharmingen, San Diego, CA) or cyt c (clone 7H8.2C12,
Pharmingen) followed by horseradish peroxidase-coupled detection.
Duplicated membranes were probed with actin (anti-actin antibody,
Calbiochem, San Diego, CA) or COX-IV (cyt c oxidase subunit IV, anti-
COX-IV antibody, Abcam, Cambridge, MA) as loading controls,
respectively. Semi-quantitation of the bands was carried out by densi-
tometry using Labworks Image Acquisition and Analysis Software (UVP,
Upland, CA). The levels of Bax were expressed as the mean densitometry
ratio of Bax over actin or COX-IV and then normalized to control.

Phosphatidylserine (PS) externalization. Externalization of PS was
analyzed by flow cytometry using annexin-V kit (Biovision, Mountain
View, CA). Briefly, harvested cells were stained with annexin-V-FITC and
PI for 5 min in dark prior to flow cytometry analysis. Ten thousand events
were collected on a FACScan flow cytometer supplied with CellQuest
software.

Mitochondria preparation. Mitochondrial fractions were prepared by
differential centrifugation. Briefly, MEF DKO cells were suspended in
mitochondria isolation buffer (MIB, 210 mM mannitol, 70 mM sucrose,
10 mM Hepes, pH 7.4, and 1 mM EDTA) and lysed by Dounce homog-
enization. Unbroken cells, nuclei, and debris were removed by 10 min of
centrifugation at 700g at 4 �C. A mitochondria rich fraction was obtained
by 10 min centrifugation at 5000g, and washed twice with MIB.
Recombinant Bax induced release of pro-apoptotic factors from isolated

mitochondria. Isolated mitochondria (1 mg/mL) were resuspended in the
incubation buffer A (210 mM sucrose, 70 mM KCl, 10 mM Hepes, pH 7.4,
3 mM sodium phosphate, and 0.5 mM EGTA) in the presence or absence
of 5 mM succinate, and then incubated with mouse recombinant Bax (200,
400 nM, ProteinX Lab, San Diego, CA) for 20 min at room temperature.
Samples were then centrifuged at 10,000g for 5 min. The resulting super-
natants and pellets were analyzed for cyt c, Smac/Diablo (clone 7,
Pharmingen) or COX-IV (loading control to confirm equal amount of
mitochondria was used) content by Western blot. The levels of released
proteins were expressed as the mean densitometry ratio of cyt c or Smac/
Diablo over COX-IV and then normalized to control sample without Bax
incubation.

Mitochondrial peroxidase activity. Peroxidase activity in mitochondria
was evaluated using 20,70-dichlorodihydrofluorescein diacetate (DCFH-
DA). Mitochondria (0.5 mg/mL) were resuspended in incubation buffer A
with 100 lM DTPA and 10 lM DCFH-DA. Recombinant Bax (200 nM)
was then added to mitochondria for 15-min incubation. The reaction was
initiated by adding 20 lM H2O2 to the samples. Fluorescence spectra were
recorded with a Shimadzu RF-5301PC fluorescence spectrophotometer
(Shimadzu, Kyoto, Japan) after 30 min incubation (Excitation = 488 nm).

Statistical analysis. All data are expressed as means ± SD of at least
three independent experiments. Statistical comparisons between groups
were performed by Student’s t-test.
Results and discussion

Translocation of bax precedes superoxide generation and

cardiolipin oxidation in actinomycin D (ActD) induced

apoptosis in MEF cells

WT and Bax/Bak DKO MEF cells were incubated with
50 ng/mL ActD for indicated periods of time (4, 5, 6, 7, 8,
9, 10, 16, and 18 h). Lowered levels of cytosolic Bax were
detectable as early as 5 h after exposure to ActD and the
decrease became significant after 7 h incubation. Accord-
ingly, time-dependent increase of Bax accumulation in
the mitochondrial fraction was observed (Fig. 1A and B).
A significant increase of superoxide generation occurred
after 8 h incubation in WT MEF cells. In line with previous
studies [14,15], no increased superoxide generation was
observed in Bax/Bak DKO MEF cells under the same con-
ditions (Fig. 1C). Significant accumulation of CL hydro-
peroxides (31.8 ± 6.3 vs 11.3 ± 5.6 pmol/nmol CL in
control, p < 0.05) was only observed after 16 h incubation
with ActD in WT MEF cells, but not in Bax/Bak DKO
MEF cells even after 18 h incubation (13.4 ± 4.2 vs
7.3 ± 3.6 pmol/nmol CL in control) (Fig. 1D). Conse-
quently, accumulation of cyt c in the cytosol and PS exter-
nalization occurred in ActD treated MEF cells but were
not observed in Bax/Bak DKO MEF cells (Fig. 2A and
E). These results indicate that oxidation of CL was a down-
stream event following Bax/Bak translocation in ActD
treated MEF cells.
Rotenone induced superoxide generation is not sufficient for

CL oxidation and cyt c release

To determine whether Bax/Bak involvement in CL oxi-
dation was exclusively due to their effects on ROS produc-
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Fig. 1. Time course of Bax translocation, superoxide generation, and CL hydroperoxides accumulation in actinomycin D (ActD) treated MEF cells. MEF
cells were treated with 50 ng/mL ActD for indicated period of time (0, 4, 5, 6, 7, 8, 9, 10, 16, and 18 h). (A,B) Determination of subcellular relocation of
Bax in WT MEF cells by Western blot. The levels of Bax were expressed as the mean densitometry ratio of Bax over actin or COX-IV and then normalized
to control. (C) Time-dependent generation of superoxide in ActD treated MEF cells evaluated by dihydroethidium assay. (D) Time-dependent
accumulation of CL hydroperoxides in ActD treated MEF cells. CL hydroperoxides were determined using an Amplex Red based fluorescent HPLC
assay. Data presented are means ± SD (n = 3). *(&) p < 0.01 (0.05) vs control cells, #p < 0.01 vs WT MEF cells under the same condition.
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Fig. 2. (A,B) Redistribution of cyt c in ActD and rotenone treated MEF cells. WT and Bax/Bak DKO MEF cells were treated with 50 ng/mL ActD or
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tion, WT and Bax/Bak DKO MEF cells were treated with
rotenone, a mitochondria respiratory complex I inhibitor,
to induce superoxide generation independently of Bax/
Bak. Indeed, comparable amounts of superoxide were
detected in WT and DKO MEF cells (2.6- and 3.7-fold
over control, respectively) following rotenone treatment
(1 lM, 4 h) (Fig. 2C). No accumulation of CL hydroperox-
ides and release of cyt c were detected in Bax/Bak DKO
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MEF cells after 18-h incubation with rotenone (Fig. 2B
and D). In contrast, CL hydroperoxides mounted up to
36.9 ± 7.6 pmol/nmol CL in rotenone treated WT MEF
cells (p < 0.01 vs 12.6 ± 5.3 pmol/nmol CL in control,
Fig. 2D). This was accompanied by the release of cyt c into
the cytosolic fraction and exposure of PS on cell surface
(Fig. 2B and E). Thus, Bax/Bak participation in CL oxida-
tion is not limited to their role in activation of ROS
generation.

Recombinant Bax enhances succinate induced CL oxidation

and cyt c release in isolated mitochondria

In mitochondria isolated from Bax/Bak DKO MEF
cells, succinate, a complex II substrate known to generate
superoxide due to the reverse electron flow, induced an
increase of CL oxidation (24.6 ± 7.8 vs 9.8 ± 6.5 pmol/
nmol CL in non-energized mitochondria). This effect was
markedly enhanced (53.8 ± 9.7 pmol/nmol CL) in the pres-
ence of recombinant Bax (Fig. 3A). These data further indi-
cate that Bax/Bak play additional role(s) in CL oxidation
distinct from their effects on ROS generation. Consistent
with a previous study [6], release of cyt c was correlated
with oxidation of CL; neither succinate alone nor recombi-
nant Bax alone was sufficient to induce massive cyt c

release (Fig. 3B and C).

Recombinant Bax increases mitochondrial peroxidase

activity

It is generally accepted that the major pool of cyt c is
free or loosely (electrostatically) attached to the outer leaf-
let of IMM. This cyt c maintains hexa-coordinated low-
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spin configuration of heme iron and does not exert perox-
idase activity [11]. Strong electrostatic and hydrophobic
interactions along with hydrogen bonding between CL
and cyt c induce protein unfolding which confers the perox-
idase activity on partially denatured cyt c [11]. These CL-
dependent structural transitions include the disturbance
of heme iron hexa-coordination, opening of heme crevice,
and the adjustment of the hydrophobic face of amphipathic
helices toward the hydrocarbon core of the lipid bilayer
[16–18]. It has been demonstrated that Bax induces a rapid
transbilayer movement of lipids [19]. Moreover, we and
others reported that CL moves to the outer leaflet of
IMM in the early phase of apoptosis [11,20], Thus, it is
tempting to speculate that Bax facilitates the formation
of cyt c/CL complexes with peroxidase activity. Therefore,
we examined the peroxidase activity in recombinant Bax
pretreated mitochondria. As shown in Fig. 4, oxidation
of DCFH was markedly enhanced in the Bax treated mito-
chondria (p < 0.05 vs mitochondria without Bax incuba-
tion). Notably, other anionic phospholipids, such as PS,
phosphatidylinositol (PI), phosphatidic acid (PA), and
phosphatidylglycerol (PG), are also capable of inducing
the conformational changes of cyt c, thus increasing its per-
oxidase activity. In fact, in a recent study [21], we per-
formed comparative quantitative analysis of the ability of
different anionic phospholipids to unfold cyt c and induce
its peroxidase activity. CL was found to be the most effec-
tive ‘‘destabilizer” of the cyt c’s structure as compared to
other anionic phospholipids such as PA, PS, and PIs. It
should be also noted that only marginal amounts
(<1.0%) of PS, PA, and PG are present in mitochondria
[22,23]. The content of CL is about 10 times higher than
that of PI in the inner-mitochondrial membrane [22]. In
Smac/Diablo

Smac/Diablo

cyt c

COX-IV

00

COX-IV

cyt c

Bax, nM

R
el

ea
se

d 
Sm

ac
/D

ia
bl

o
Fo

ld
 o

f 
co

nt
ro

l

0 200 400
0

5

10

15
*

*
# #

0

20

40

60

R
el

ea
se

d 
cy

t c
Fo

ld
 o

f 
co

nt
ro

l

+succinate

Non-energized

*

*

##

C

ondria isolated from Bax/Bak DKO MEF cells. Mitochondria (1 mg/mL)
for 20 min at room temperature. The contents of CL hydroperoxides were
cyt c and Smac/Diablo from mitochondria isolated from Bax/Bak DKO
0 and 400 nM) for 20 min at room temperature in the presence or absence

rn Blot. (C) The levels of released proteins were expressed as the mean
to control sample without Bax treatment. Data presented are means ± SD
*p < 0.01 vs mitochondria without Bax treatment. #p < 0.01 vs succinate



0

100

200

300

400

500

500 550 600

mito + Bax + H2O2

mito + H2O2

mito + Bax

mito

D
C

F
 f

lu
or

es
ce

nc
e,

 a
.u

. 

Wavelength, nm

A

D
C

F
 f

lu
or

es
ce

nc
e,

 a
.u

. 

control
Bax

200 nM

0

50

100

150

200

250

*

B

Fig. 4. Effect of recombinant Bax on mitochondrial peroxidase activity.
The peroxidase activity was evaluated using DCFH-DA assay. Fluores-
cence spectra were recorded with a Shimadzu RF-5301PC fluorescence
spectrophotometer (Shimadzu, Kyoto, Japan) after 30 min incubation
(after excitation at 488 nm). (A) Spectra are representative of three
independent experiments. (B) Data are means ± SD (n = 3). *p < 0.05 vs
mitochondria without Bax treatment.

J. Jiang et al. / Biochemical and Biophysical Research Communications 368 (2008) 145–150 149
addition, the estimated binding constant of CL with cyt c is
markedly higher than that with PS (1.7 ± 1.0 � 109 M�1

for tetraoleoyl-CL/cyt c vs 3.8 ± 1.8 � 106 M�1 for diol-
eoyl-PS/cyt c) [24,25]. Therefore, it is reasonable to assume
that CL is the major contributor to the mitochondrial acti-
vation of cyt c into a peroxidase during apoptosis.

The specific molecular mechanisms through which Bax
may be involved in regulation of cardiolipin peroxidation
have not been established yet, although previous studies
have elucidated that Bax acts upstream of accumulation
of ROS [3,4,26] that required for lipid peroxidation.
Recently, we reported that mitochondria targeted electron
scavengers—hemi-gramicidin S conjugated nitroxides—
prevented both superoxide accumulation and CL peroxi-
dation and apoptosis initiated by ActD or irradiation
without affecting Bax translocation [27,28]. Combined
with the results of this work showing that Bax/Bak trans-
location precedes superoxide production and CL peroxi-
dation and that genetic ablation of Bax/Bak inhibited
ActD and rotenone induced CL oxidation and apoptosis,
we speculate that CL peroxidation not only correlates but
is likely causatively and time-dependently related to mito-
chondrial relocation of Bax/Bak. This is mainly due to
Bax/Bak effect on ROS generation and peroxidase activa-
tion of cyt c. This molecular scenario portrays the link
between proteins of Bcl-2 family and CL peroxidation
in the regulation of release of cyt c during apoptosis.
The detailed mechanisms through which oxidized CL
induces permeabilization of mitochondria still remain elu-
sive, although several models have been proposed
[5,6,11,29]. The fact that the recombinant Bax induced a
release of Smac/Diablo from non-energized mitochondria
similarly to cyt c (Fig. 3B and C) indicates that the role of
CL oxidation is far broader than simply creation of a
pool of cyt c available for the release. The effects of oxi-
dized CL on Bax/Bak and other mitochondrial compo-
nents such as adenine nucleotide translocator and
voltage-dependent anion channel ultimately leading to
the OMM permeabilization during apoptosis await fur-
ther exploration.
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