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Abstract Mitochondria have emerged as the central
components of both caspase-dependent and indepen-
dent apoptosis signalling pathways through release of
different apoptogenic proteins. We previously docu-
mented that parental and differentiated Friend’s eryth-
roleukemia cells were induced to apoptosis by
oligomycin and H2O2 exposure, showing that the energy
impairment occurring in both cases as a consequence of a
severe mitochondrial F0F1ATPsynthase inactivation was
a common early feature. Here we provide evidence for
AIF and Endo G mitochondrio-nuclear relocation in both
cases, as a component of caspase-independent apoptosis
pathways. No detectable change in mitochondrial trans-
membrane potential and no variation in mitochondrial
levels of Bcl-2 and Bax are observed. These results point
to the osmotic rupture of the mitochondrial outer
membrane as occurring in response to cell exposure to
the two energy-impairing treatments under conditions
preserving the mitochondrial inner membrane. A critical

role of the mitochondrial F0F1ATP synthase inhibition in
this process is also suggested.

Keywords Mitochondrial F0F1ATPsynthase .

Friend’s erythroleukemia cells . Apoptosis .

Apoptosis inducing factor . Endonuclease G . H2O2
.

Oligomycin . Energy impairment .

Mitochondrial outer membrane permeabilization

Abbreviations
AIF apoptosis inducing factor
BSA bovine serum albumin
CS citrate synthase
CsA cyclosporine A
D-FELC differentiated FELC
Δψm mitochondrial transmembrane potential
Endo G endonuclease G
FELC Friend’s erythroleukemia cells
HMBA N,N′-hexamethylene bisacetamide
IAPs inhibitor of apoptosis proteins
IMP intermembrane space
JC-1 5,5′,6,6′-tetrachloro-1,1′,3,3′-

tetraethylbenzimidazolcarbocyanine iodide
LDH lactate dehydrogenase
MIM mitochondrial inner membrane
MOM mitochondrial outer membrane
P-FELC parental FELC
PBS phosphate-buffered saline
PMSF phenylmethanesulfonyl fluoride
PTP permeability transition pore
ROS reactive oxygen species
SDS sodium dodecyl sulfate
z-VAD-fmk Z-Val-Ala-DL-Asp(Ome)-

fluoromethylketone
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Introduction

Apoptosis is an active process of programmed cell death in
which cells die in a coordinated and stereotyped manner,
ultimately exhibiting characteristic structural features such
as reduction in cell volume, membrane blebbing, phospha-
tidyl serine exposure on the surface of the plasma
membrane, chromatin condensation and nuclear fragmen-
tation (Kroemer et al. 2007). Today, it is well recognized
that cell death, in both its physiological and pathological
occurrence, is closely linked to mitochondrial structure and
(dys)function. Specifically, most cell death in vertebrates
proceeds via the intrinsic or mitochondria-dependent
pathway of apoptosis. which generally originates from
permeabilization of the mitochondrial outer membrane
(MOM), resulting in different sequences of biochemical
events leading to cellular demise (Kroemer et al. 2007;
Ravagnan et al. 2002; Green and Kroemer 2004). The
death-associated MOM permeabilization is a tightly regu-
lated phenomenon. Apoptogenic proteins, which usually
are retained within the mitochondrial intermembrane space
(IMS), when released into the cytoplasm exert pleiotropic
effects (Kroemer et al. 2007; Ravagnan et al. 2002; Green
and Kroemer 2004; Wang 2001; Kroemer and Matin 2005).
Thus, in addition to the vital functions of mitochondria in
the maximization of cellular energy production by oxidative
phosphorylation, these organelles also play key roles in
programmed cell death by acting as reservoirs for apopto-
genic proteins and deciding the mode of cell death through
energy supply over the bioenergetic threshold required for
apoptosis to occur (Richter et al. 1996). Mitochondria-
dependent apoptosis is mediated by two main different
pathways, the most studied of which culminates in the
cytosolic activation of the proteolytic enzymes caspases
from proenzyme forms. This pathway is triggered by the
mitochondrial intermembrane protein cytochrome c that,
when released to the cytosol, initiates a cascade of caspase-
activating events thereby promoting the formation of the
so-called “apoptosome” (Li et al. 1997). Caspases are
further activated by Smac/Diablo, which binds the inhibitor
of apoptosis proteins (IAPs) and blocks their caspase
inhibitory activity (Chai et al. 2000).

The second apoptosis signalling pathway, which was
more recently identified, results in fragmentation of
nuclear DNA independently of caspase recruitment and
is initiated by MOM permeabilization-dependent release
into the cytosol and translocation to the nucleus of some
other intermembrane mitochondrial proteins, such as
endonuclease G (Endo G) and apoptosis-inducing factor
(AIF). Endo G, which normally functions in the matura-
tion of mitochondrial DNA, is compartmentalized in
substantial amount in the IMS in healthy cells. Once
released into the cytoplasm after induction of apoptosis,

Endo G translocates to the nucleus and causes oligonu-
cleosomal DNA fragmentation (Schafer et al. 2004; van
Loo et al. 2001). AIF, a redox-active flavoenzyme
exhibiting pro-apoptotic properties, is embedded in the
mitochondrial inner membrane (MIM) where it exerts a
vital function in bioenergetic and redox metabolism
(Churbanova and Sevrioukova 2008). The C-terminal
domain of AIF is oriented towards the IMS and released
into the cytosol after proteolytic maturation to a soluble
form, in response to specific death signals (Otera et al.
2005). According to some authors, a mature AIF pool is
soluble in the IMS and co-exists with the MIM-associated
isoform (Modjtahedi et al. 2006). Once released, the AIF
soluble form translocates to the nucleus, where it mediates
chromatin condensation and DNA cleavage in large
fragments through a process that may involve a direct
binding to DNA (Joza et al. 2001; Susin et al 1999). Caspase
requirement in Endo G and AIF pathways is still controver-
sial (Kroemer et al. 2007). In fact, the nuclear effects of these
two proteins are mostly caspase-independent, but there is
evidence that caspases are required upstream of AIF and
Endo G release in some cases, e.g. in cells treated with
Bax/Bak-dependent pro-apoptotic drugs (Lorenzo and Susin
2004; Arnoult et al. 2003).

Although the permeabilization of MOM and the release
of apoptogenic proteins from mitochondria is well estab-
lished, the mechanism for this permeabilization/release is
not yet defined. According to some authors, intermembrane
proteins spill out to the cytosol after physical disruption of
MOM due to transient osmotic swelling of the matrix
(Vander Heiden et al. 1997; Petit et al. 1998; Desagher and
Martinou 2000). According to others, intermembrane
proteins enter the cytosol by passing through non-specific
large pores or channels that involve proteins of the Bcl-2
family and specifically Bax/Bak oligomers assembled
within or at the surface of MOM (Chipuk et al 2006; Wang
2001; Desagher and Martinou 2000; Shimizu et al. 1999). It
is nonetheless clear that within the Bcl-2 family there are
antiapoptotic members, such as Bcl-2, that stabilize MOM
(Yang et al. 1997; Kluck et al. 1997; Marzo et al. 1998) and
proapoptotic members, such as Bax, that permeabilize the
membrane (Desagher and Martinou 2000; Gross et al.
1998). Moreover, both Bax and Bcl-2 may exert their
function independently or in coordination with the perme-
ability transition pore (PTP) complex, whose opening,
whatever its mechanism is, leads to a long-lasting or
permanent dissipation of the mitochondrial transmembrane
potential (Δψm) across MIM (Chipuk et al 2006; Marzo et
al. 1998). Δψm is a key event in many but not all
paradigms of apoptosis (Zamzami et al. 2005). Actually,
MOM permeabilization, with or without the contribution of
MIM and consequently with or without Δψm loss, is
considered as the real “point of no return” in the cascade of
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events leading to apoptosis (Samraj et al. 2007; Ricci et al.
2004; Bouchier-Hayes et al. 2005).

We previously documented that differentiated Friend’s
erythroleukemia cells (D-FELC), but not parental FELC (P-
FELC), undergo cell death with apoptotic features upon
exposure to mild acute treatment with H2O2 (Comelli et al.
2003). Apoptosis in D-FELC was attributed to a reduction
of energy charge, due to an impairment of mitochondrial
ATP synthesis which was more marked to that observed in
P-FELC (Comelli et al. 1998, 2003). In accordance,
apoptosis was triggered in P-FELC by mimicking the cell
energy charge and mitochondrial ATP synthesis impairment
observed in D-FELC through cell exposure to oligomycin,
the F0F1ATP synthase specific inhibitor (Comelli et al.
2003). Thus, the results of the present study refer to the two
different triggers inducing energy impairment-related apo-
ptosis: i.e. exposure to oligomycin for P-FELC and to H2O2

for D-FELC. The aim of this study was to evaluate which
one of the two main apoptosis signalling pathways was
involved and if the pathway was the same in the two sets of
apoptotic cells. Specifically, the experiments were aimed at
defining if the same apoptogenic proteins were released
from MOM in both cases and if Δψm loss and MIM
permeabilization occurred. The results, while documenting
an additional paradigm of cell death involving Endo G- and
AIF-related pathways independent of caspases, provide
evidence for an essential role of the impairment of
mitochondrial ATP synthesis in MOM rupture under
conditions preserving Δψm.

Materials and methods

Chemicals and reagents Trypan blue, glutamine, penicillin
and streptomycin were purchased from Biochrom (Berlin,
Germany) and H2O2 was obtained from Merck (Darmstad,
Germany). All other materials were purchased from Sigma
(St. Louis, MO, USA), unless specifically indicated.

Cell culture Friend’s erythroleukemia cells (FELC), clone
3CL8, were routinely cultured in complete medium (RPMI
1640 supplemented with 10% heat-inactivated fetal
calf serum, 2 mM glutamine, 100 µU/ml penicillin and
100 µg/ml streptomycin) and induced to erythroid differenti-
ation with N, N′-hexamethylene bisacetamide (HMBA) as
previously described (Comelli et al. 1994). Experiments were
performed both with undifferentiated parental cells in
exponential phase of growth (P-FELC) and with differen-
tiated cells 5 days after induction (D-FELC).

Apoptosis induction and detection P-FELC and D-FELC
were pelleted and resuspended at 37°C in phosphate-
buffered saline (PBS) plus 5 mM glucose to a concentration

of 2.0×106 cells/ml. In some experiments, we added Z-Val-
Ala-DL-Asp(Ome)-fluoromethylketone (z-VAD-fmk), a
broad spectrum, cell-permeable caspase-inhibitor (Hsu et
al. 1997), to a final concentration of 100 µM and the cells
were preincubated at 37°C in a CO2 cell culture incubator
for 1 h. In other experiments, cells were preincubated for
1 h with 0.5 µM cyclosporin A (CsA), a specific inhibitor
of the PTP complex (Zoratti and Szabò 1995).

Apoptosis via caspase-dependent mitochondrial path-
ways was induced by incubating both P-FELC and D-
FELC for 30 min with 1 µM camptothecin, a well-known
DNA-damaging agent, inducing apoptosis accompanied by
loss of cytochrome c and Δψm (Stefanis et al. 1999).

Two different treatments were performed to induce
apoptosis by mitochondrial energy impairment: i.e.
0.25 mM H2O2 in D-FELC and 10 µM oligomycin in P-
FELC; such treatments were responsible for a reduction of
about 50% of ATP cell content (Comelli et al. 2003).
Conditions were set up to separate in the two sets of
experiments the effects of the selective inhibition of
F0F1ATP synthase from those of oxidative stress associated
to the erythroid differentiation program per se (Comelli and
Mavelli 2001). In fact, it was difficult in our hands to
control the exposure of D-FELC to oligomycin and to avoid
cytolysis in this case (not shown), likely as a consequence
of cumulative effects resulting from the inhibition of
F0F1ATP synthase in a pro-oxidant cell/mitochondrial
environment.

After incubating the cells for 30 min with H2O2, or
oligomycin or camptothecin in the CO2 incubator, they
were pelleted, resuspended in an equal volume of pre-
warmed complete medium without additions, and returned
to the CO2 incubator for 2 h prior to assay. These
conditions guaranteed a substantial amount of DNA
degradation without cytolysis (Comelli et al. 2003), as
monitored by assaying cell viability with the trypan blue
dye exclusion test (Cook and Mitchell 1989). Values were
expressed as percentage of viable cells with respect to the
total number of cells (viable, excluding trypan blue, plus
damaged, taking up trypan blue, cells).

Advanced DNA fragmentation typical of apoptosis was
assayed by an immunoenzymatic assay based upon mono-
and oligonucleosome identification (Cell Death Detection
ELISA kit, cat. number 1544 675; Roche Diagnostics).
Values were expressed as percentage of cells exhibiting
DNA fragmentation.

Preparation of mitochondrial, cytosolic and nuclear frac-
tions and purity assessment by detection of subcellular
markers Subcellular fractions of FELC were prepared
according to a modification of the method described by
Abou-Khalil (Abou-Khalil et al. 1985). Briefly, after
experimentation, cells were washed twice with ice-cold
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PBS and resuspended at a concentration of 7.5×107 cells/ml
in extraction solution (250 mM sucrose, 2 mM EDTA,
1 mg/ml bovine serum albumin (BSA), 50 µg/ml phenyl-
methanesulfonyl fluoride (PMSF) and 2 µg/ml apoproti-
nin, adjusted to pH 7.4 with KOH). Cell suspensions were
sonicated on ice three times for 10 s at 30-s intervals, in
order to disrupt 90%-95% of cells (Abou-Khalil et al.
1985). The homogenates were centrifuged at 1,000×g at
4°C for 10 min, and the pellets were used as the nuclear
fraction after washing twice with PBS. The supernatants
were centrifuged at 14,000×g at 4°C for 20 min to
separate the cytosolic fraction (supernatant liquid) from
the crude mitochondrial fraction (pellet, after washing
twice with PBS).

Protein concentrations of the subcellular fractions were
determined by the method of Lowry (Lowry et al. 1951)
using BSA as standard. Correct subcellular fractionation
was assessed by measuring lactate dehydrogenase (LDH) as
a cytosolic marker, citrate synthase (CS) as a mitochondrial
marker, and DNA content as a nuclear marker. LDH
activity was determined according to Zhang et al. (Zhang
et al. 2004), CS activity according to Morgunov and Srere
(Morgunov and Srere 1998), and DNA content as described
by Sambrook et al. (Sambrook et al. 1989).

Western blotting Cytochrome c, Endo G and AIF were
immunochemically assessed in the cytosolic fraction
(100 µg protein), mitochondrial fraction (10–20 µg) and
nuclear fraction (20 µg). Levels of Bax and Bcl-2 were
assessed in the mitochondrial fraction (50 µg).

Western blotting was performed as described by Green
and colleagues (Bossy-Wetzel et al. 1998). Briefly, samples
were electrophoresed in 15% SDS-polyacrylamide gels
under reducing conditions and transferred to nitrocellu-
lose membrane. Membranes were incubated separately
with: mouse monoclonal antibody against cytochrome c
(1:1,000; Pharmingen, San Diego, CA, USA), rabbit
polyclonal antibody against Endo G (1:2,000; Chem-
icon, Temecula, CA, USA), rabbit polyclonal antibody
against AIF (1:2,000; Chemicon), rabbit polyclonal
antibody specific for Bcl-2 (1:1,000; Oncogene Re-
search Products, Cambridge, MA, USA) or mouse
monoclonal antibody specific for Bax (1:1,000; Onco-
gene Research Products). Bound primary antibodies
were revealed by incubation with peroxidase-conjugated
anti-mouse (1:10,000) or anti-rabbit (1:10,000) antise-
rum (Amersham, Little Chalfont, United Kingdom) and
detected by enhanced chemiluminescence (Super Signal
West Chemiluminescent Substrates; Pierce, Rockford,
IL, USA).

Cytofluorimetric analysis of mitochondrial transmembrane
potential Mitochondrial transmembrane potential (Δψm)

was measured in P-FELC and D-FELC, in control conditions
(30 min incubation in PBS-glucose solution) and immedi-
ately after the 30-min induction of energy impairment-related
apoptosis in the two sets of experiments: i.e. with oligomycin
in P-FELC and with H2O2 in D-FELC. Δψm was also
measured in the mid-point (1 h) and at the end of the
2-h incubation in complete medium after apoptosis induc-
tion. Δψm was measured using two mitochondrial dyes: i.e.
the lipophilic cationic probes 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolcarbocyanine iodide (JC-1; Molecular
Probes, Eugene, OR, USA) and tetramethyl rhodamine
methyl ester (TMRM; Molecular Probes, Eugene, OR,
USA). JC-1 normally exists in solution as a monomer
emitting a green fluorescence, but depending on Δψm, JC-1
accumulates in mitochondria and forms aggregates that are
associated with a large shift in emission (red fluorescence)
(Reers et al. 1991). TMRM monovalent cation reversibly
accumulates into mitochondria according to Δψm with a
Nernstian distribution (Ehrenberg et al. 1988).

Suspensions of control and treated cells were incubated
in the dark, in complete medium containing 10 µg/ml JC-1
for 10 min at 37°C or 20 nM TMRM for 5 min at room
temperature. Thereafter, cells were washed twice in PBS at
4°C and analyzed with a FACScan flow cytometer (Becton
Dickinson, New York, USA) equipped with a single
488 nm argon laser. The excitation wavelength was
488 nm for both probes and emission was monitored at
530 nm (FL1) for JC-1 and 582 (FL2) for JC-1 and TMRM.
Data were acquired in list mode and analyzed with
CellQuest software (Becton Dickinson, New York, USA).

Statistical analysis Differences between samples were
assessed using the unpaired two-tailed t test. A value of
p<0.05 was considered to be significant.

Results

Pan-caspase inhibitor z-VAD-fmk did not prevent
mitochondrial ATP synthesis impairment-related apoptosis
in FELC

To investigate if caspases play a role in the apoptosis that
follows mitochondrial ATP synthesis impairment, apoptosis
induction (treatment of D-FELC with H2O2 or P-FELC with
oligomycin for 30 min, followed by incubation for 2 h in
complete medium) was performed in the absence and
presence of the pan-caspase-inhibitor z-VAD-fmk. The
percentage of cells exhibiting characteristic advanced DNA
fragmentation is reported in Fig. 1. Treatment with H2O2

significantly increased the percentage of D-FELC with
DNA fragmentation, although the cells remained intact
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excluding trypan blue (>90%). Preincubation with the pan-
caspase-inhibitor z-VAD-fmk did not prevent H2O2-induced
apoptosis in D-FELC, suggesting that the caspase-dependent
apoptotic pathway was not involved. As already documented
(Comelli et al. 2003), in parental cells H2O2 treatment had no
apoptotic effect, while oligomycin treatment did. Interestingly,
the oligomycin-induced apoptosis was also caspase-
independent (no effect of z-VAD-fmk). Control P-FELC and
D-FELC exposed to z-VAD-fmk alone did not show any
difference from untreated control cells (data not shown). In
addition, in both D-FELC and P-FELC, z-VAD-fmk fully
blocked caspase-dependent apoptosis due to camptothecin
treatment, performed as a positive control.

These results indicate that in FELC the two different
treatments leading to mitochondrial ATP synthesis impair-
ment trigger apoptosis through pathways not involving
caspase activation.

Nuclear translocation of AIF and Endo G in apoptotic
FELC

To determine if mitochondrial ATP synthesis impairment-
related apoptosis was associated with the release of
apoptogenic factors from mitochondria, immunodetection
of mitochondrial intermembrane proteins was performed in
three main subcellular fractions, in control and apoptotic

conditions. We first assessed the purity of the subcellular
fractions (i.e. minimal cross-contamination) on the basis of
cellular markers for mitochondria, cytosol and nucleus
(Table 1). In both P-FELC and D-FELC, the mitochondrial
marker CS was found predominantly in the mitochondrial
fraction (>93% of the total cellular amount), with undetect-
able amounts in the cytosolic fraction and <8% in the nuclear
preparation. The cytosolic marker LDH was found preva-
lently in the cytosol (>96%), with ≤0.5% in the mitochon-
drial and nuclear fractions. Finally, 92%–96% of total DNA
content was associated with the nuclear fraction, with <5%
in the other fractions. These distribution patterns did not
change after the induction of apoptosis (data not shown).
These results indicate good overall fractionation, with a low
level of cross-contamination; in particular, the cytosolic and
nuclear fractions had a low enough level of mitochondrial
contamination to permit subsequent experiments.

Figure 2a–c shows the results of AIF, Endo G and
cytochrome c immunodetection after the two different
apoptosis-inducing treatments in P-FELC and D-FELC. In
control samples, AIF was present exclusively in the
mitochondrial fraction, as it was also in P-FELC treated
with H2O2 (which has no apoptotic effect) (Fig. 2a). In
contrast, in cells induced to undergo apoptosis (H2O2-
treated D-FELC and oligomycin-treated P-FELC), AIF was
most abundant in the nuclear fraction, with a small amount
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Fig. 1 z-VAD-fmk does not prevent H2O2-induced apoptosis in
differentiated FELC or oligomycin-induced apoptosis in parental
FELC. D-FELC (open columns) and P-FELC (gray columns) were
preincubated for 1 h in the absence or presence of 100 µM z-VAD-
fmk before oligomycin or H2O2 exposure. As positive control, cells
were treated with 1 µM camptothecin for 30 min to induce a caspase-
dependent apoptosis. After treatments, cells were returned to fresh

complete medium for 2 h and then tested for apoptosis, expressed as
percentage of cells exhibiting DNA fragmentation. Control P-FELC
and D-FELC exposed to z-VAD-fmk alone did not show any
difference from untreated control cells (data not shown). Values are
means and SD of four independent experiments. *p<0.001 vs.
controls
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also detected in the cytosol and only a residual amount in
the mitochondria. Similar behavior was observed for the
subcellular compartmentalization of Endo G (Fig. 2b). In
contrast, no effect on the subcellular localization of

cytochrome c was evidenced, as no detectable extra-
mitochondrial amount and no noticeable variation in the
mitochondrial content were observed in apoptotic (H2O2-
treated D-FELC and oligomycin-treated P-FELC) with
respect to not treated cells (Fig. 2c). Together, these results
suggest that the apoptotic effects (i.e. DNA fragmentation)
of the two treatments leading to mitochondrial ATP
synthesis impairment depend on the nuclear translocation
of mitochondrial proteins AIF and Endo G, and do not
involve cytochrome c release into cytosol, in line with the
activation of caspase-independent processes in both cases.

Mitochondrial transmembrane potential was not modified
during mitochondrial ATP synthesis impairment-related
apoptosis

We next investigated whether mitochondrial ATP synthesis
impairment-related apoptosis involved a change in Δψm, as
revealed by FACScan analyses after staining with the
mitochondrial dye JC-1 (Fig. 3a). In control parental and
differentiated cells, 96% and 94% of cells, respectively,
exhibited double green-red fluorescence. At the end of the
treatments for induction of apoptosis with oligomycin (P-
FELC) and H2O2 (D-FELC), the percentage of cells
exhibiting double fluorescence remained high (95% and
94%, respectively), indicating no apparent change in Δψm.
The same finding was also observed at the mid-point and at
the end of the 2-h incubation in complete medium (data not
shown). To validate these data with a non-toxic Δψm probe,
TMRM was also used under the same conditions, namely at
the end of the induction of apoptosis (Fig. 3b), at the mid-
point and after 2 h (data not shown). Oligomycin and H2O2

treatments never shifted significantly the fluorescence inten-
sity peak of their controls (P-FELC and D-FELC respective-
ly). Therefore, we can safely state that the two treatments

    P-FELC              D-FELC 

control   +H2O2   +oligo      control   +H2O2 
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Fig. 2 Subcellular distributions of AIF, Endo G and cytochrome c in
control and apoptotic FELC. Cells suspended in PBS-glucose solution
were treated with oligomycin (P-FELC), H2O2 (P- and D-FELC) or
vehicle for 30 min and returned to fresh medium for 2 h prior to
preparation of mitochondrial (Mt), cytosolic (Cyto) and nuclear (Nu)
fractions for immunochemical detection of mitochondrial proteins.
Blots are representative of three separate experiments

Table 1 Distribution of subcellular markers in fractions from P-FELC and D-FELC and percentage of total cellular values demonstrate negligible
levels of cross-contamination

Subcellular fraction Citrate synthase Lactate dehydrogenase DNA

mU % mU % μg %

P-FELC
Mitochondrial 1.45 (0.22) 93.3 1.1 (0.2) 0.3 20.6 (2.9) 4.4
Cytosolic <0.1 - 378.1 (4.0) 97.2 8.4 (2.1) 1.8
Nuclear 0.12 (0.09) 7.6 1.9 (0.2) 0.5 425.0 (25.4) 92
Whole cells 1.58 (0.24) 100 389.2 (4.5) 100 462.5 (26.8) 100
D-FELC
Mitochondrial 1.53 (0.28) 93.7 1.3 (0.2) 0.3 16.6 (2.2) 4.0
Cytosolic <0.1 - 377.2 (43.4) 96.3 4.5 (1.8) 1.0
Nuclear 0.11 (0.08) 6.7 1.6 (0.1) 0.4 425.5 (32.6) 96
Whole cells 1.63 (0.35) 100 391.6 (5.2) 100 450.5 (35.4) 100

Values are means (SD) and percentage of three determinations made on control (not treated) cells (5×106 cells). Results are equivalent to treated
cells.
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triggering mitochondrial ATP synthesis impairment-related
apoptosis in FELC do not involve change in Δψm.

In accordance, opening of mitochondrial PTP complex
was ruled out in both sets of apoptotic cells on the basis of
the absence of prevention of apoptosis by CsA, a specific
inhibitor of PTP. As positive control, the induction of

mitochondrial caspase-dependent apoptosis was obtained
by incubation of P-FELC and D-FELC with camptothecin,
a well-known DNA-damaging agent, inducing apoptosis
accompanied by loss of cytochrome c and Δψm. As
expected, camptothecin gave rise to Δψm impairment,
while pretreatment with CsA blocked such a loss (Fig. 4).
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Fig. 4 Cyclosporine A prevents Δψm loss induced by camptothecin
in FELC. P-FELC and D-FELC were treated for 30 min with 1 µM
camptothecin (campto) after 1 h preincubation in the presence or in
the absence of 0.5 µM CsA. Cells were then incubated for 10 min with

10 µg/ml JC-1 and analyzed by flow cytometry Data were acquired in
list mode and analyzed with CellQuest software (Becton Dickinson,
New York, USA). The data are representative of three separate
experiments
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Fig. 3 Mitochondrial membrane potential is not modified during the
energy impairment-related apoptosis in control and apoptotic FELC.
After induction of apoptosis with oligomycin (P-FELC) or H2O2 (D-
FELC), cells were incubated with JC-1 or TMRM as described in
Materials and Methods and analyzed by flow cytometry. a Dot plot

analyses of control and apoptotic FELC with JC-1. b Histogram plots
of control and apoptotic FELC with TMRM. Data were acquired in
list mode and analyzed with CellQuest software (Becton Dickinson,
New York, USA). The data are representative of three separate
experiments
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Pretreatment with CsA blocked also DNA degradation in
caspase-dependent apoptosis induced with camptothecin.
Conversely, CsA had no effect on the percentage of cells
exhibiting DNA degradation both in the case of D-FELC
induced to apoptosis by H2O2 and of P-FELC treated with
oligomycin (Fig. 5). The conditions of CsA pretreatment
had no general toxic effects on cell survival, as demon-
strated by cell viability which was above 90% for all the
time points and treatments.

Bcl-2 and Bax levels were not altered in mitochondrial ATP
synthesis impairment-related apoptosis

We lastly monitored the mitochondrial levels of Bcl-2 and
Bax, homologous proteins which exhibit opposite effects
on the mitochondrial membrane permeability, thereby

controlling apoptotic signals. Compared to P-FELC, D-
FELC had a reduced content of mitochondrial Bcl-2
(Fig. 6). However, Bcl-2 did not undergo noticeable
variations after treatment with oligomycin (P-FELC) or
H2O2 (D-FELC). A comparable expression of Bax was
found in mitochondria of control P-FELC and D-FELC and
such levels did not vary in cells induced to apoptosis. These
results indicate that the events leading to apoptosis
associated with energy impairment in D-FELC and in P-
FELC do not involve changes in mitochondrial levels of
Bcl-2 and Bax, as far as immunochemically measured,
suggesting that the intermembrane pro-apoptotic factors
spill out to the cytosol through a mode of MOM
permeabilization not mediated by Bcl-2 or Bax.

Discussion

We previously reported that D-FELC, but not P-FELC, are
susceptible to mild acute oxidative stress (H2O2) and
undergo cell death with typical apoptotic features as a
result of a consequent mitochondrial energy impairment
(Comelli et al. 2003), being such impairment still over the
critical energy threshold required for the active events of
apoptosis execution (Richter et al. 1996). Energy impair-
ment in D-FELC was attributed to a reduction of
mitochondrial F0F1ATP synthase which was more severe
to that observed in P-FELC (Comelli et al. 1998, 2003). In
accordance, both the reduction of energy charge and
apoptosis was triggered in P-FELC by mimicking the
F0F1ATP synthase impairment observed in D-FELC
through cell exposure to the specific inhibitor oligomycin
(Comelli et al. 2003).

 P-FELC  D-FELC

Bcl-2

Bax 

none   +H2O2  +oligo    none   +H2O2 

Fig. 6 H2O2 or oligomycin treatment does not alter mitochondrial
Bcl-2 and Bax protein levels in differentiated or parental FELC. Cells
suspended in PBS-glucose solution were treated with oligomycin (P-
FELC), H2O2 (P- and D-FELC) or vehicle for 30 min and returned to
fresh medium for 2 h prior to preparation of mitochondrial fraction for
immunochemical detection of Bcl-2 and Bax. Blots are representative
of three separate experiments
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Fig. 5 Cyclosporin A does not
prevent apoptosis in differentiated
FELC (open columns) exposed to
H2O2 nor in parental FELC (gray
columns) exposed to oligomycin.
Cells were preincubated for 1 h
in the absence or presence of
0.5 µM CsA before oligomycin
or H2O2 exposure for 30 min in
PBS-glucose. As positive con-
trol, P-FELC and D-FELC after
preincubation with CsA were
exposed for 30 min to 1 µM
camptothecin. Cells were
returned to fresh complete
medium for 2 h and then tested
for apoptosis, expressed as per-
centage of cells exhibiting DNA
fragmentation. Values are means
and SD of 3 independent experi-
ments, performed in duplicate
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Here, we report that upon the two energy-impairing
apoptotic stimuli associated to inhibition of mitochondrial
F0F1ATP synthase (e.g. oligomycin or oxidative stress
resulting from mild acute H2O2 treatment combined with
the erythroid differentiation execution program) the same
signalling pathway appears to be activated. In fact, the
apoptosis observed in both cases is independent of caspase
activation, involves mitocondrio-nuclear relocation of AIF
and Endo G without cytosolic release of cytochrome c, and
occurs without any detectable change in Δψm nor PTP
complex opening. The release of AIF and Endo G occurs
without variations in mitochondrial levels of Bcl-2 and/or
Bax. These results, while confirming our hypothesis that
the impairment of mitochondrial bioenergy is crucial for
triggering apoptosis (Comelli et al. 2003), also prompt us to
make an hypothesis for the mechanism involved in MOM
permeabilization observed in our model leading to the
apoptosis execution via mitocondrio-nuclear translocation
of AIF and Endo G. Mitochondrial release of AIF and Endo
G, indicative for MOM permeabilization, appears to be
selective, as cytochrome c release did not occur in the time-
scale of the experiment, i.e. 2-h after apoptosis induction.
Whether it does occur in later time periods could not be
determined because of the confounding effects of secondary
necrosis. In accordance with our data are results obtained
by Ruchalski and collaborators, who observed a progres-
sive accumulation of AIF in the cytosol of ATP-depleted
renal epithelial cells without a concomitant cytochrome c
release (Ruchalski et al. 2003) and by Zanna and
collaborators, who described a caspase-independent cell
death, driven by energetic failure and mediated by AIF and
Endo G in Leber’s hereditary optic neurophathy cybrids,
thereby demonstrating that, different from cytochrome c in
the case of the “classical” caspase-dependent pathway, AIF
and Endo G release can account for typical apoptotic
features under a rather impaired energetic status (Zanna et
al. 2005). The preferential release of AIF and Endo G,
observed under our conditions, with no detectable extra-
mitochondrial cytochrome c, agrees with the finding that
only 10–15% of cytochrome c is in the IMS, whereas the
major stores of cytochrome c are sequestered within the
cristae and their release requires cristae remodeling and
Δψm loss (Scorrano et al. 2002). It should be emphasized
in this respect that according to some authors (Modjtahedi
et al. 2006) a soluble mature AIF pool co-exists in the IMS
with the MIM-embedded AIF isoform and might be
released into the cytosol upon MOM rupture/permeabiliza-
tion. Accordingly, a recent paper of Sten Orrenius docu-
ments that in rat fibroblasts induced to apoptosis by
different triggers (i.e. staurosporine, ceramide or ATP
depletion) AIF translocated to the nucleus in nearly all
cells in which morphological evidence of large-scale DNA
fragmentation had became apparent, whereas cytochrome c

translocation was observed only in a few cells, suggesting
that AIF release precedes cytochrome c release (Orrenius
and Zhivotowky 2005).

Our finding that mild acute oxidative stress induces D-
FELC to apoptosis in a caspase-independent manner is
consistent with results obtained by other authors using
different experimental models, in which ROS were
involved in inactivating caspases (Fonfria et al. 2002;
Carmody and Cotter 2000). Moreover, hydrogen peroxide
per se was described as a direct inactivator of caspases
(Borutaite and Brown 2001). Caspase activity in fact is
optimal under reducing conditions, since their catalytic sites
contain a nucleophilic cysteine prone to oxidation, thiol
alkylation or thiol nitrosylation. This implies that the
production of ROS can directly modulate caspase activation
(Denecker et al. 2001). In addition we can hypothesize that
ROS-inactivation of caspases may be involved even upon
exposure of P-FELC to oligomycin. In fact up-regulation of
mitochondrial ROS formation, which is inherently
governed by ΔpH and Δψm through the redox state of
the respiratory chain, is caused by most bioenergetic
effectors by inhibiting any of the important regulatory sites
for ROS generation. In particular ROS may accumulate
upon increase of Δψm induced by inhibitors of mitochon-
drial ATP synthase like oligomycin or by acidification of
the mitochondrial matrix (Brooks 2005). Then we could
suggest that the caspase-independent AIF- and Endo G-
mediated pathway play a fundamental role in the execution
of apoptosis especially under pro-oxidant conditions possi-
bly limiting caspase activation.

Permeabilization of MIM with loss of Δψm is
considered a primary event in many paradigms of cell
apoptosis (Zamzami et al. 2005). Nevertheless, in both
sets of energy-impaired apoptotic cells, there was no
change in Δψm just after induction of apoptosis and in the
subsequent 2-h period. Accordingly, Δψm loss was
reported as a not strictly required event in some cases by
authors who documented the release of mitochondrial pro-
apoptotic proteins, including AIF and Endo G, without a
detectable decrease of Δψm (Kroemer et al. 2007; Bossy-
Wetzel et al. 1998; Ruchalski et al. 2003; Krohn et al.
1999; Samraj et al. 2007; Choi et al. 2007). The
determination of Δψm with fluorescent dyes is a contro-
versial area fraught with problems (Halestrap et al. 2000),
then we have validated our results by using two specific
probes with different characteristics: i.e. JC-1 based on its
intrinsic property to change fluorescence depending on
Δψm with a large shift in emission and TMRM as a more
sensitive non-toxic Δψm probe. Our results further
suggest that MIM depolarization is not a universal first
step in the apoptotic process. Nevetheless, as the time
course of the drop in Δψm is also critical, the data can not
exclude the possibility of a later reduction in Δψm or of a
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transient Δψm change, missed by potentiometric probes
(Bernardi et al. 2001).

With regard to MOM permeabilization the data suggest
that it occurs without modifications in mitochondrial levels
of Bcl-2 and/or Bax. In fact, no change was observed in the
amounts of immunoreactive Bcl-2 or Bax in mitochondrial
fractions isolated upon induction of ATP synthesis
impairment-related apoptosis by the two treatments. Con-
versely, the data document a down-regulation of mitochon-
drial Bcl-2 upon erythroid differentiation of FELC whereas
the levels of Bax were the same in mitochondria of control
P-FELC and D-FELC. In accordance, down-regulation of
Bcl-XL (an antiapoptotic member of Bcl-2 family) at both
mRNA and protein levels has already been observed in
K562 and HEL cells after myeloid differentiation (Benito et
al. 1996). Bcl-2 down-regulation together with that of other
elements of the antioxidant defense system already docu-
mented in D-FELC (Comelli and Mavelli 2001), could
explain per se the fact that the apoptotic effect of H2O2 was
elicited selectively in these cells and not in the parental
counterpart. In fact it is known that over-expression of Bcl-
2 inhibits apoptosis by reducing mitochondrial generation
of ROS (Hockenbery et al. 1993; Kane et al. 1993; Haddad
2004) or shifting the cellular redox potential to a more
reduced state (Fleury et al. 2002; Ellerby et al. 1996).

In conclusion our data indicate that MOM permeabiliza-
tion, proved by release of AIF and Endo G, occurred
without Δψm loss, PTP opening or Bax recruitment to
mitochondria. Then, no permeabilization of MIM or
formation/activation of the Bax-dependent non specific
pores or channels (Desagher and Martinou 2000) can be
postulated to explain the IMS protein translocation to the
cytoplasm. On this basis, we can hypothesize that the
F0F1ATP synthase inhibition, occurring upon the two
apoptotic insults, may be a causative event leading to
impairment of ATP/ADP exchange and transient accumu-
lation of protons in the IMS with MOM-disrupting osmotic
swelling. A similar osmotic swelling of mitochondria
sufficient to disrupt the MOM without affecting the MIM
was already suggested by some authors (Desagher and
Martinou 2000; Halestrap et al. 2000).

Thus, our results suggest a new mechanism responsible
for the osmotic rupture of the MOM and related to
inhibition of F0F1ATP synthase prompting us to consider
such mechanism to be crucial in the execution of the
apoptosis observed in our model and possibly of more
general interest, considering that the mechanisms for the
release of apoptogenic proteins from mitochondria are
various and still a matter of debate.

Acknowledgements This work was supported by the Italian
Ministero dell’Università e della Ricerca Scientifica (MIUR) through
a 2007 grant “Progetto di Rilevanza Nazionale” (PRIN 2007).

References

Abou-Khalil S, Abou-Khalil WH, Planas L, Tapiero H, Lampidis TJ
(1985) Biochem Biophys Res Commun 127:1039–1044

Arnoult D, Gaume B, Karbowski M, Sharpe JC, Cacconi F, Youle RJ
(2003) EMBO J 22:4385–4399

Benito A, Silva M, Grillot D, Nunez G, Fernandez-Luna J (1996)
Blood 87:3837–3843

Bernardi P, Petronilli V, Di Lisa F, Forte M (2001) Trends Biochem
Sci 26:112–117

Borutaite V, Brown GC (2001) FEBS Lett 500:114–118
Bossy-Wetzel E, Newmeyer DD, Green DR (1998) EMBO J 17:37–49
Bouchier-Hayes L, Lartigue L, Newmeyer DD (2005) J Clin Invest

115:2640–2647
Brooks PS (2005) Free Rad Biol Med 38:12–23
Carmody RJ, Cotter TG (2000) Cell Death Differ 7:282–291
Chai J, Du C, Wu JW, Kyin S, Wang X, Shi Y (2000) Nature

406:855–862
Chipuk JE, Bouchier-Hayes L, Green DR (2006) Cell Death Differ

13:1396–1402
Choi SK, Seo BR, Lee KW, Cho W, Jeong SH, Lee KT (2007) Biol

Pharm Bull 30:1516–1522
Churbanova IY, Sevrioukova IF (2008) J Biol Chem 283:5622–5631
Comelli M, Mavelli I (2001) Mitochondrial ubiquinone (coenzyme

Q10): biochemical, functional, medical, and therapeutic aspects
in human health and diseases, vol. 2. In: Manuchair E, Marwah J,
Chopra R (eds) Prominent, Scottsdale, pp 121–135

Comelli M, Lippe G, Mavelli I (1994) FEBS Lett 352:71–75
Comelli M, Londero D, Mavelli I (1998) Free Rad Biol Med 24:924–

932
Comelli M, Di Pancrazio F, Mavelli I (2003) Free Rad Biol Med

34:1190–1196
Cook JA, Mitchell JB (1989) Anal Biochem 179:1–7
Denecker G, Vercammen D, Declercq W, Vandenabeele P (2001) Cell

Mol Life Sci 58:356–370
Desagher S, Martinou JC (2000) Trends in Cell Biol 10:369–377
Ehrenberg B, Montana V, Wei MD, Wuskell JP, Loew LM (1988)

Biophys J 53:785–794
Ellerby LM, Ellerby HM, Park SM, Holleran AL, Murphy AN,

Fiskum G, Kane DJ, Testa MP, Kayalar C, Bredesen DE (1996) J
Neurochem 67:1259–1267

Fleury C, Mignatte B, Vayssiere JL (2002) Biochimie 84:131–141
Fonfria E, Dare E, Benell M, Sunol C, Beccatelli S (2002) Eur J

Neurosc 16:2013–2016
Green DR, Kroemer G (2004) Science 305:626–629
Gross A, Jockel J, Wei MC, Korsmeyer SJ (1998) EMBO J 17:3878–

3885
Haddad JJ (2004) Biochem Biophys Res Commun 322:355–363
Halestrap AP, Doran E, Gillespie JP, O’Toole A (2000) Biochem Soc

Trans 28:170–177
Hockenbery DM, Oltavi ZN, Yin XM, Yin CL, Milliman SJ,

Korsmeyer SJ (1993) Cell 75:241–251
Hsu YT, Wolter KG, Youle RJ (1997) Proc Natl Acad Sci U S A

94:3668–3672
Joza N, Susin SA, Daugas E, Stanford WL, Cho CK, Li CY, Sasaki T,

Elia AJ, Cheng HY, Ravagnan L, Ferri KF, Zamzami N,
Wakeham A, Hakem R, Yoshida H, Kong YY, Mak TW,
Zuniga-Pflucker JC, Kroemer G, Penninger JM (2001) Nature
410:549–554

Kane DJ, Sarafian TA, Anton R, Hahn H, GrallaButler E, Derversotne
VJ, Oerd T, Bredesen DE (1993) Science 262:1274–1277

Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD (1997)
Science 275:1132–1136

Kroemer G, Matin SJ (2005) Nat Med 11:725–730
Kroemer G, Galluzzi L, Brenner C (2007) Physiol Rev 87:99–163

58 J Bioenerg Biomembr (2009) 41:49–59



Krohn AJ, Wahlbrink T, Prehn JH (1999) J Neurosci 19:7394–7404
Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri

ES, Wang X (1997) Cell 91:479–489
Lorenzo HK, Susin SA (2004) FEBS Lett 557:14–20
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) J Biol Chem

193:265–275
Marzo I, Brenner C, Zamzami N, Susin SA, Beutner G, Brdiczka D,

Remy R, Xie ZH, Reed JC, Kroemer G (1998) J Exp Med
187:1261–1271

Modjtahedi N, Giordanetto F, Madeo F, Kroemer G (2006) Trends
Cell Biol 16:264–272

Morgunov I, Srere PA (1998) J Biol Chem 27:29540–29544
Orrenius S, Zhivotowky B (2005) Nat Chem Biol 1:188–189
Otera H, Ohsakaya S, Nagaura Z, Ishihara N, Mihara K (2005) EMBO

J 24:1375–1386
Petit PX, Goubern M, Diolez P, Susin SA, Zamzami N, Kroemer G

(1998) FEBS Lett 426:111–116
Ravagnan L, Roumier T, Kroemer G (2002) J Cell Physiol 192:131–137
Reers M, Smith TW, Chen LB (1991) Biochemistry 30:4480–4486
Ricci JE, Munez-Pinedo C, Fitzgerald P, Bailly-Maitre B, Perkins GA,

Yadava N, Sheffler IE, Ellisman MH, Green DR (2004) Cell
117:773–786

Richter C, Schweizer M, Cossarizza A, Franceschi C (1996) FEBS
Lett 378:107–110

Ruchalski K, Mao H, Singh SK, Wang Y, Mosser DD, Li F, Schwartz
JH, Borkan SC (2003) Am J Physiol Cell Physiol 285:C1483–
C1493

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual, vol. 9. In: Ford N, Nolan C, Ferguson M (eds)
Cold Spring Harbor Laboratory, New York, pp 16–19

Samraj AK, Sohn D, Sculze-Ostoff K, Schmitz I (2007) Mol Biol Cell
18:84–93

Schafer P, Scholz SR, Gimadutdinow O, Cymerman IA, Bujnicki JM,
Ruiz-Carrillo A, Pingoud A, Meiss G (2004) J Mol Biol
338:217–228

Scorrano L, Ashiya M, Buttle K, Weiler S, Oakes SA, Mannella CA,
Korsmeyer SJ (2002) Dev Cell 2:55–67

Shimizu S, Narita M, Tsujimoto Y (1999) Nature 399:483–487
Stefanis L, Park DS, Friedman WJ, Greene LA (1999) J Neurosci

19:6235–6247
Susin SA, Lorenzo HK, Zampami N, Marzo I, Snow BE, Brothers

GM, Mangion J, Jacotot E, Costantini P, Loeffler M, Larochette
N, Goodlett DR, Aebersold R, Siderovski DP, Penninger JM,
Kroemer G (1999) Nature 397:441–446

Vander Heiden MG, Chandel NS, Williamson EK, Schumacker PT,
Thompson CB (1997) Cell 91:627–637

van Loo G, Schotte P, van Gurp M, Demol H, Hoorelbeke B, Gevaert
K, Rodriguez I, Ruiz-Carrillo A, Vandekerckhove J, Declercq W,
Beyaert R, Vandenabeele P (2001) Cell Death Differ 8:1136–
1142

Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI, Jones
DP, Wang X (1997) Science 275:1129–1132

Wang X (2001) Genes Dev 15:2922–2933
Zamzami N, Larochette N, Kroemer G (2005) Cell Death Differ

2:1478–1480
Zanna C, Ghelli A, Porcelli AM, Martinuzzi A, Carelli V, Rugolo M

(2005) Apoptosis 10:997–1007
Zhang Y, Wu LJ, Tashiro S, Onoder S, Ikejima T (2004) Acta

Pharmacol Sin 25:83–89
Zoratti M, Szabò I (1995) Biochim Biophys Acta 1241:139–176

J Bioenerg Biomembr (2009) 41:49–59 5959


	Caspase-independent apoptosis in Friend’s erythroleukemia cells: role of mitochondrial ATP synthesis impairment in relocation of apoptosis-inducing factor and endonuclease G
	Abstract
	Introduction
	Materials and methods
	Results
	Pan-caspase inhibitor z-VAD-fmk did not prevent mitochondrial ATP synthesis impairment-related apoptosis in FELC
	Nuclear translocation of AIF and Endo G in apoptotic FELC
	Mitochondrial transmembrane potential was not modified during mitochondrial ATP synthesis impairment-related apoptosis
	Bcl-2 and Bax levels were not altered in mitochondrial ATP synthesis impairment-related apoptosis

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


