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Neurologiche, Università di Bologna, Bologna 40123, Italy (V. Carelli)

Leber’s hereditary optic neuropathy (LHON) is associ-
ated with mitochondrial DNA point mutations affecting
different subunits of complex I. By replacing glucose with
galactose in the medium, cybrids harboring each of the
three LHON pathogenic mutations (11778/ND4, 3460/ND1,
14484/ND6) suffered a profound ATP depletion over a
few hours and underwent apoptotic cell death, which
was caspase-independent. Control cybrids were unaf-
fected. In addition to cytochrome c, apoptosis inducing
factor (AIF) and endonuclease G (EndoG) were also re-
leased from the mitochondria into the cytosol in LHON cy-
brids, but not in control cells. Exposure of isolated nuclei
to cytosolic fractions from LHON cybrids maintained in
galactose medium caused nuclear fragmentation, which
was strongly reduced by immuno-depletion with anti-AIF
and anti-EndoG antibodies. In conclusion, the caspase-
independent death of LHON cybrids incubated in galac-
tose medium is triggered by rapid ATP depletion and me-
diated by AIF and EndoG.
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Introduction

Leber’s hereditary optic neuropathy (LHON) is a ge-
netically determined degeneration of retinal ganglion
cells (RGC) leading to acute or subacute loss of cen-
tral vision.1,2 The primary pathogenic defect resides in
mitochondrial DNA (mtDNA), the three point muta-
tions at nucleotide positions 11778/ND4, 3460/ND1 and
14484/ND6 being the most frequent in patients world-
wide. These mutations affect different subunits of com-
plex I, the first site of the respiratory chain. It still re-
mains unclear how the aminoacid substitutions caused

Correspondence to: A. Ghelli, Dipartimento di Biologia Evoluzion-
istica Sperimentale, Universita’ di Bologna, Via Irnerio 42, 40126
Bologna, Italy. Tel.: +39 051 2091306; Fax: +39 051 242576;
e-mail ghelli@alma.unibo.it

by LHON mutations, which induce only subtle changes
in complex I electron-transport function, lead to RGC
death.3

Histopathological studies of optic nerve specimens
from LHON patients have shown a dramatic loss of ax-
ons with no evidence for inflammatory events but with
still ongoing low-grade degeneration.4 This suggests
that neurodegeneration might result from a synchronized
wave of apoptotic cell death that propagates through
RGC. Absence of inflammatory features is also indicated
by the lack of response to steroid-based therapies and the
absence of blood-nerve barrier damage revealed by fluo-
rangiography, which fails to show fluorescein leakage.1,2

The “apoptotic” hypothesis for RGC death has recently
received support from studies on transmitochondrial hy-
brids or cybrids. Cybrids are one of the few cell models
available to investigate LHON in the absence of an ani-
mal model of this disease and given the inability to study
RGC directly.

The cybrid model is based on the repopulation of
an immortalized, usually cancer derived, cell line previ-
ously devoid of its original mtDNA with patient-derived
mutant mitochondria.5 Recent studies have shown that
osteosarcoma-derived LHON cybrids were more prone to
Fas-induced apoptotic death than control cybrids.6 Sim-
ilar results were also obtained by growing LHON cy-
brids in glucose-free galactose-supplemented medium.
This is a very well established method to reveal an ox-
idative phosphorylation dysfunction by forcing the cells
to rely on mitochondrial respiratory chain to synthesize
ATP.7 We recently reported that incubation in galac-
tose medium caused apoptotic death of LHON cybrids,
but not of 143B parental cell line or control cybrids.8

Apoptosis was recognized by some typical hallmarks, such
as changes in nuclear morphology, chromatin condensa-
tion and fragmentation of chromosomal DNA, and re-
lease of cytochrome c into the cytosol, clearly indicat-
ing a mitochondria-dependent cell death pathway.8 How-
ever, despite the release of cytochrome c, no activation of
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caspase-3 could be determined by means of western blot
analysis in LHON cybrids incubated in galactose.9

In the classical apoptotic process, cytochrome c release
into the cytoplasm drives the assembly of the apopto-
some, which in turn triggers activation of caspase-9 and
downstream executioner caspases.10,11A key event in this
pathway is the caspase-3-mediated cleavage of DFF45
(DNA fragmentation factor 45 kDa)/ICAD (inhibitor
of caspase-activated deoxyribonuclease DFF40/CAD) in
humans and mice, respectively. DFF45 cleavage causes
DFF40 release and entry into the nucleus, followed by
both chromatin condensation and internucleosomal DNA
fragmentation.12,13

Although caspase-mediated apoptosis is the principal
form of cell death, much evidence now shows that caspase-
independent pathways are just as important,14 namely the
mechanism mediated by apoptosis inducing factor (AIF)
and endonuclease G (EndoG), two mitochondrial apop-
togenic factors. AIF is a flavoprotein exhibiting NADH
oxidase activity, normally present in the mitochondrial
intermembrane space15or loosely associated with the in-
ner membrane.16Recently it has been shown that AIF is
also required for the assembly and maintenance of com-
plex I.17 In response to apoptotic stimuli, AIF is released
into the cytosol and translocates into the nucleus where
it induces chromatin condensation and large-scale DNA
fragmentation.15,18 EndoG, like AIF, has been shown to
redistribute from the mitochondria to the nucleus, where
it causes oligonucleosomal DNA fragmentation.19 Sub-
sequent studies demonstrated that EndoG catalyzes both
high molecular weight DNA cleavage and oligonucleoso-
mal DNA breakdown in a sequential fashion, and coop-
erates with DNAse I and exonuclease to facilitate DNA
processing.20 In Caenorhabditis elegans, AIF has been shown
to interact with EndoG, both in genetic and in biochem-
ical terms. In vitro, recombinant C. elegans AIF and En-
doG synergize to mediate DNA degradation.21 However,
in mammalian cells these factors can induce chromatin
breakdown independent of one another.18,19

The major impact on the pathophysiology of LHON
is likely to involve an energetic deficit. This is sug-
gested by the reduced rate of ATP synthesis dependent on
complex I substrates observed in digitonin-permeabilized
cybrids with the 11778/ND4 LHON mutation, which
was specifically rescued by allotopic expression of ND4
subunit.22 Reduction of in vitro mitochondrial ATP syn-
thesis is now being reported also in cybrids with the
3460/ND1 and 14484/ND6 LHON mutations.23 The in-
ability of LHON cybrids to maintain ATP levels during
incubation in galactose medium also indirectly supports
this hypothesis.9 The aim of the present study was to
evaluate whether the energetic failure occurring in galac-
tose medium could influence the pathway of cell death.
The time-course of ATP content of control and LHON
cybrids bearing the pathogenic mutations 11778/ND4,

14484/ND6, and 3460/ND1 (two different clones for
each mutation), during incubation in galactose medium
was determined. Furthermore, given that apoptotic cell
death of LHON cybrids was characterized by oligonucle-
osomal DNA fragmentation8 and that caspase-3 was not
activated, we focused on the possible involvement of the
other mitochondrial apoptogenic factors AIF and EndoG.

Materials and methods

Materials

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetraz-
oliumbromid), ATP, staurosporine and protease inhibitors
cocktail were purchased from Sigma (Milan, Italy). Ac-
DEVD-AMC, Hoechst-33342 and z-VAD-fmk were from
Calbiochem (La Jolla, CA, USA). Antibodies used for
western blot were as follows: anti-caspase-3, anti-actin,
anti-cytochrome c, anti-AIF and secondary antibodies
from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
anti-mtHSP70 from Transduction Laboratories (Lexing-
ton, KY, USA), anti-tubulin from Sigma (Milan, Italy),
anti-DFF45 and anti-EndoG were from Prosci (Poway,
CA, USA). ATP monitoring kit was from BioOrbit
(Turku, Finland). Antibodies used for immunofluores-
cence were as follows: anti-cytochrome c (BD Bioscience
Pharmingen, Milan, Italy), anti-AIF and anti-EndoG were
the same used for western blot. Secondary fluorescent an-
tibodies were from Jackson ImmunoResearch Lab. Inc.
(Baltimore, PA, USA).

Cell lines and culture conditions

The parental human osteosarcoma cells (143B), control
(HGA) and LHON cybrid cell lines used were the same
as in our previous study.8 Cells were grown in DMEM
medium supplemented with 10% foetal calf serum (FCS,
South America source from Gibco, Invitrogen, Italy),
2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml
streptomycin and 0.1mg/ml bromodeoxyuridine. For the
experiments, cells were seeded 4 × 104 cells/cm2 and in-
cubated in DMEM glucose-free medium supplemented
with 5 mM galactose, 5 mM Na-pyruvate and 5% FCS
(galactose medium) at 37◦C in an incubator with a hu-
midified atmosphere of 5% CO2.

ATP measurement

The amount of cellular ATP was determined by using the
luciferin/luciferase assay. Cells (3 × 105) were seeded in
6 well plates, incubated in DMEM-glucose or in DMEM-
galactose medium. At the times indicated, cells were
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scraped off the plate, harvested in PBS and protein con-
tent determined.24 An aliquot was incubated with 5%
perchloric acid for 1 min at 4◦C and subsequently neu-
tralised with 0.09 M Tris and 0.14 M K2CO3. After cen-
trifugation at 10000 × g for 1 min, ATP content in the
supernatant was measured in duplicate using the BioOr-
bit ATP monitoring kit, according to manufacturer’s in-
structions, using an appropriate internal ATP standard for
calibration.

Cell viability measurement

The percentage of viable cells was measured with the
colorimetric 3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay, as previously
described.8

Caspase-3 and DFF45 assays

Activated caspase-3 can cleave the oligopeptide substrate
Ac-DEVD-AMC, therefore DEVDase activity was deter-
mined in cell lysates (100 µg) by fluorescence measure-
ment as previously described.25 Cleavage of caspase-3 was
also directly assessed by Western blot, as described in
ref.26 DFF45 cleavage was detected with anti-DFF45 an-
tibody (1:1000). Anti-tubulin antibody (1:500) was used
as a control for loading. Primary antibodies were visual-
ized using horseradish peroxidase-conjugated secondary
antibodies diluted 1:2000. The chemiluminescence sig-
nals were revealed using an ECL western blotting kit
(Amersham Bioscience, Buckinghamshire, UK) and mea-
sured with the Fluo-2 MAX Multimager system (Bio-
Rad, Hertfordshire, UK).

Subcellular fractionation

After incubation in DMEM glucose- or galactose-
medium, cells were harvested from five 75 cm2 flasks,
resuspended in 0.5 ml of 200 mM mannitol, 70 mM su-
crose, 1 mM EGTA, 10 mM Hepes (pH 7.6), 100 µl/ml
of protease inhibitors cocktail and homogenised for 30
strokes with a Dounce homogenizer. This and the subse-
quent steps were carried out at 4◦C. Samples were cen-
trifuged for 10 min at 500 × g and the resulting super-
natant was centrifuged 20 min at 10,000 × g . The su-
pernatant (cytosolic fraction) was stored at −80◦C. The
pellet (mitochondria-enriched fraction) was resuspended
in 50 µl of PBS containing 1% Triton-X100, 0.5 mM
EDTA, 0.6 mM PMSF and 100 µl/ml of protease in-
hibitors cocktail and stored at −80◦C. Proteins (50–
80 µg) were separated by 15% SDS PAGE and transferred
onto a nitrocellulose membrane (Bio-Rad, Hertfordshire,

UK). The membrane was treated with 5% non-fat milk
in TBS-Tween 0.05% for 1 h and incubated with the
anti-cytochrome c (1:500) anti-AIF (1:1000) and anti-
EndoG (1:500) for 1 h at room temperature. Anti-HSP70
and anti-actin antibodies were diluted 1:1000. Antigen-
antibody complexes were detected as above.

Immunofluorescence

Cells grown in 36 mm diameter wells were treated as indi-
cated, fixed with 3.7% paraformaldehyde and permeabi-
lized 10 min with 0.15% TritonX-100 at room temper-
ature. Cells, blocked with 0.5% BSA, were probed with
primary antibodies overnight at 4◦C. Anti-cytochrome c
and anti-EndoG antibodies were diluted 1:200. Then cells
were washed with PBS and stained with secondary fluo-
rescent goat-anti-mouse and goat-anti-rabbit antibodies.
Fluorescence was visualized with a digital imaging sys-
tem using an inverted epifluorescence microscope (Nikon
Eclipse 300) and Omega Filter pinkel Set XF66-1 triband
(Omega Optical Inc., Brattleboro, VT, USA). Images were
captured with a back-illuminated CCD camera (Princeton
Instruments, Trenton, NJ, USA) and acquisition/analysis
software Metamorph (Universal Imaging Corp., Down-
ingtown, PA, USA).

Cell-free system for nuclear fragmentation

Nuclei preparations, cytosolic extracts and apoptosis cell-
free system were performed as described in ref.27 with mi-
nor modifications. HeLa cells (25× 106) were harvested,
washed in PBS, resuspended in 10 volumes of nuclear
buffer (NB, containing 10 mM Pipes, pH 7.4, 10 mM
KCl, 2 mM MgCl2, 1 mM DTT, 10 µM cytochalasin B
and 1 mM PMSF) and transferred to a Dounce homoge-
nizer for 10 min in ice. Cells were then gently lysed with
20 strokes of the pestle, layered over 30% (w/v) sucrose
in NB and centrifugated at 800 × g for 10 min. Nuclear
pellet was washed in NB and resuspended (2× 107 nu-
clei/ml) in 10 mM Pipes pH 7.4, 80 mM KCl, 20 mM
NaCl, 250 mM sucrose, 5 mM EGTA, 1 mM DTT, 1 mM
PMSF, 50% glycerol and stored at −80◦C.

Cytosolic extracts were obtained from 25× 106

LHON cybrids grown in glucose medium or incubated
in galactose medium (24 h). Cells were harvested, washed
and resuspended in 0.5 ml of 50 mM Pipes, pH 7.4,
50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM DTT,
10 µM cytocalasin B, 1 mM PMSF, and transferred to
a Dounce homogenizer for 10 min in ice. Cybrids in-
cubated in galactose medium, after addition of 50 µM
z-VAD-fmk, were gently homogenized with 40 strokes
of the pestle, diluted 1:2 with 10 mM Hepes, 50 mM
NaCl, 2 mM MgCl2, 5 mM EGTA, 1 mM DTT, 2 mM
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ATP, 10 mM phosphocreatine, 50 µg/ml creatine kinase,
and centrifuged at 4◦C for 10 min at 14000 × g . Super-
natants from control and galactose-treated cells were con-
centrated in centricon YM-10 (Millipore, Bedford, MA,
USA) at 4000 × g for 2 h at 4◦C. Immunodepletion
of AIF and EndoG was carried out in an aliquot of the
supernatant obtained from cells incubated in galactose
medium, by incubation with anti-AIF and anti-endoG
antibodies (1:200) for 2 h at 4◦C. Immunodepleted su-
pernatant was then concentrated as above. Concentrated
supernatants (about 30 µl) were incubated with 1× 105

HeLa nuclei overnight at 37◦C, then loaded with 1 µg/ml
Hoechst for 30 min at 37◦C. Nuclei were visualized with
the digital imaging system as described above.

Statistical analysis

The data were analyzed using one-way ANOVA analysis of
variance, Bonferroni’s post hoc multiple comparison test.
Only values of p < 0.05 were considered significant.

Results

Table 1 shows the ATP levels of the 143B cells, control
cybrids (HGA) and LHON cybrids (two clones for each
mutation, obtained from independent LHON probands)
cultured in glucose medium. All cell lines where found
to have a similar ATP content, ranging from 15 to
25 nmol/mg protein. The RJ206 cybrid cell line exhib-
ited lower ATP values than controls, but the difference was
not statistically significant. Indeed, we found no statisti-
cal difference also between the pooled values of the cybrids
harboring the same LHON mutations as compared to the
control cybrids (Table 1).

Table 1. ATP levels in 143B cells, control and LHON cybrids in-
cubated in glucose- containing medium.

Mutation Clones nmol/mg protein* nmol/mg protein**

– 143B 24.4 ± 4.2 (8)
– HGA 23.7 ± 2.2 (6)
11778 HFF 18.8 ± 1.7 (4) 21.7 ± 4.1

HPE 23.5 ± 6.7 (5)
3460 HMM 19.7 ± 5.0 (5) 17.4 ± 3.0

RJ206 14.7 ± 2.4 (4)
14484 HBA 18.7 ± 5.0 (5) 22.0 ± 4.5

HL180 25.2 ± 7.7 (5)

Description and origin of cell lines is detailed in ref.8 Cells were
seeded in 6 well plates, incubated for 24 h in DMEM-glucose
medium and ATP content determined, as described in Material
and methods.
*Data are means ± SEM, with number of experiments in paren-
thesis. Each experiment was carried out in duplicate.
**Data (means ± SD) were pooled for each LHON mutation.

By replacing glucose with galactose in the medium,
the ATP levels did not significantly change up to 6h and
only slightly decreased (approx. 30%) after 16h in con-
trol cybrids, whereas an increase was noted in 143B cells
(Figure 1A). Conversely, the time-course of ATP level
changes in LHON cybrids, illustrated in Figure 1B-D,
showed that after 3-6h incubation in galactose medium,
cellular ATP was remarkably decreased in all clones. In
particular, LHON cybrids carrying the 3460/ND1 and
14484/ND6 mutations exhibited a more drastic aver-
age reduction in ATP content than 11778/ND4 mutants
(at 3h, average values obtained from two clones: 36%,
23%, 43%, respectively). After 16h incubation in galac-
tose medium, the average amount of ATP was about
15% in cybrids harboring the 11778/ND4 mutation,
and even less in the clones with the other two LHON
mutations.

The activation of caspase-3 during incubation of
LHON cybrids in galactose medium was then investi-
gated. Caspase-3 activation was first assessed using the
fluorescent substrate Ac-DEVD-AMC. Figure 2A shows
the time-course of Ac-DEVD-AMC cleavage in 143B
cells or in control (left panel) and two cybrid clones for
each LHON mutation (right panel) incubated in galactose
medium. No significant increase of DEVDase activity was
observed. No cleavage of procaspase-3 was discovered by
western blot analysis (Figure 2B, panel left), in agreement
with previous reports.9 As a positive control, LHON cy-
brids with the 11778/ND4, 14484/ND6 and 3460/ND1
mutations were incubated with staurosporine, a well-
known inducer of apoptotic cell death that operates via
a caspase-dependent mitochondrial pathway.25,26 Incuba-
tion for 6 h in the presence of 1 µM staurosporine caused
a significant activation of DEVDase activity (Figure 2A,
left panel) and the cleavage of procaspase-3, generating the
20 kDa fragment, already apparent after 3h in HGA and
LHON cybrids (Figure 2B, right panels). Cell lysates pre-
pared from the 143B parental cell line, control (not shown)
and LHON cybrids were also probed for DFF45, one of the
targets of caspase-3.13 The two very close bands detected
in the blot did not change after incubation in galactose
medium (Figure 2C, left panel), whereas the 45 kDa band
disappeared after staurosporine treatment (Figure 2C,
right panel). Cleavage by staurosporine indicates that this
band corresponds to DFF45, which is not processed after
galactose incubation. Finally, pre-treatment of LHON cy-
brids with the broad caspase inhibitor benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk, 100 µM)
failed to increase the viability of cells incubated in galac-
tose medium (Figure 3A). This Figure also shows that cy-
brids carrying the 3460/ND1 and 14484/ND6 mutations
were more sensitive to metabolic stress than those carry-
ing the 11778/ND4 mutation, in agreement with our
previous study.8 Conversely, preincubation of 143B cells,
control cybrids (not shown) and LHON cybrids bearing
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Figure 1. ATP levels of 143B cells, control and LHON cybrids incubated in galactose medium. 143B cells, control and LHON cybrids
were incubated in DMEM-galactose medium for the times indicated, then scraped off the plate and ATP content determined as described
in Materials and methods. (A) 143B cells and control cybrids (HGA). (B–D) Cybrids with the indicated LHON mutations. For each LHON
mutations, two clones were analyzed. Data are expressed as % of ATP levels determined in glucose medium (time = 0). 100% values
for each clone are reported in Table 1. Each data point is the mean ± SEM of at least three determinations. The asterisk (∗ ) denotes
values significantly different from untreated cells (p < 0.05).

the 3460/ND1 mutation with z-VAD-fmk completely
abolished the staurosporine-induced loss of cell viabil-
ity (Figure 3B). Taken together, these results indicate
that LHON cybrids can undergo caspase-independent cell
death in galactose medium or caspase-mediated cell death
in the presence of staurosporine.

We then decided to investigate the mechanism in-
volved in the induction of nuclear oligonucleosomal DNA
digestion or DNA laddering.8 In several paradigms of
apoptosis, lysosomes can function as death signal integra-
tors, through the release of cathepsins into the cytosol.28

The involvement of these proteases was ruled out by the
finding that preincubation with pepstatin A (100 µM) or
E-64-d (10 µM), specific inhibitors of cathepsin D and B,
respectively, failed to protect LHON cybrids from death
in galactose medium (result not shown).

We then focused our attention upon AIF and En-
doG, which are known to induce DNA degradation
through an essentially caspase-independent cell death
mechanism.15,18,19 The levels of these two mitochon-
drial apoptogenic factors and cytochrome c were first
determined in the cytosolic fractions isolated from ho-
mogenates of cells incubated in galactose medium.

Figure 4A shows that in control cybrids no mitochon-
drial apoptogenic factor was released from mitochon-
dria during incubation in galactose medium. However,
in cybrids with the 11778/ND4 mutation, and espe-
cially in those with the 3460/ND1 mutation, a weak
but reproducible release of cytochrome c was detected
after 16 and 6 h, respectively. AIF on the other hand
was released after 24 and 16 h, respectively. Endo G
levels did not change in the cytosolic fractions of con-
trol or LHON cybrids with the 11778/ND4 mutation,
whereas in clones with the 3460/ND1 mutation, a weak
amount was detected after 16 h followed by a more ro-
bust increase after 24 h. As a control, we also deter-
mined Endo G and AIF levels in the mitochondrial frac-
tions. AIF levels did not change in control cybrids, but
were significantly reduced after 24 h in cybrids with the
11778/ND4 mutation and already after 16 h in those with
the 3460/ND1 (Figure 4B) and 14484/ND6 mutations
(result not shown). A decrease of EndoG was apparent
only after 48 h in cybrids carrying the 11778/ND4 mu-
tation and after 16–24 h in those with the 3460/ND1
(Figure 4B) and 14484/ND6 mutations (result not
shown).
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Figure 2. Caspase-3 is not activated in LHON cybrids incubated in galactose medium. (A) 143B cells, control (HGA) (left panel) and
LHON cybrids (two different clones for each LHON mutation, right panel) were incubated in DMEM-galactose medium for the times
indicated or for 6 h in DMEM-glucose containing 1 µM staurosporine (STS). Caspase-3 activation was determined in cell lysates from
the fluorescence of Ac-DEVD-AMC substrate developed in 1 h (�F), and is expressed as ratio of �F of cells incubated in galactose over
�F of cells incubated in glucose. Data are means ± SD of at least three determinations. (B) Cells were incubated for the times indicated
in DMEM-galactose (left panel) or in DMEM-glucose containing 1 µM staurosporine (STS, right panels). The levels of procaspase-3
in cell lysates were determined by Western blotting analysis, as described in Materials and methods. (C) Cells were incubated for the
times indicated in DMEM-galactose (left panel) or in DMEM-glucose with 1 µM staurosporine (STS, right panel) and DFF45 cleavage
determined by Western analysis. Tubulin was used as control for loading. Representative blots are shown.

To confirm the western-blotting results, immunofluo-
rescence analysis was used to determine the cellular lo-
calization of cytochrome c and EndoG during incubation
of cybrids with the 14484/ND6 mutation in galactose
medium. Unfortunately, we were unable to see any clear
fluorescence signal from polyclonal anti-human AIF an-
tibody. This was most likely due to the low level of ex-
pression of this protein in a single cell. After 16h incu-
bation in galactose medium, most of the nuclei were still
normal. The only condensed nucleus belonged to a cell
exhibiting diffuse cytochrome c, but EndoG was retained

within mitochondria (Figure 5A, upper panels). After 24 h
incubation, the percentage of cells with fragmented nu-
clei increased (45 ± 8, n = 5). Most of the cells with
condensed nuclei exhibited diffuse cytochrome c and En-
doG staining (Figure 5A, lower panels). Together the re-
sults of Figs. 4 and 5A clearly indicate that cytochrome c,
AIF and EndoG are released by mitochondria at different
times during incubation of LHON cybrids in galactose
medium.

Lastly, to determine whether AIF and EndoG are re-
quired for induction of the caspase-independent nuclear
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Figure 3. Effect of the caspase inhibitor z-VAD-fmk on viability
of LHON cybrids incubated in galactose medium or treated with
staurosporine. Cybrids with the indicated LHON mutations were
incubated for 24 h in DMEM-galactose medium (A) or in DMEM-
glucose medium containing 1 µM staurosporine (B), in the ab-
sence or presence of 100 µM z-VAD-fmk. Cell viability was as-
sessed with the MTT assay. Data are means ± SD of at least 3
determinations.

changes, we utilized a cell-free assay for nuclear
fragmentation. Nuclei isolated from HeLa cells were in-
cubated in cytosolic extracts derived from LHON cy-
brids grown in glucose or incubated for 24 h in galactose
medium. Nuclei were visualized using Hoechst staining.
Whereas the nuclear morphology was normal after incu-
bation with glucose extracts (Figure 5B, panel a), galac-
tose extracts induced the typical fragmentation of most
nuclei (Figure 5B, panel b). However, when an aliquot of
the same cytosolic extract obtained from cybrids main-
tained in galactose medium was immunodepleted of AIF
and EndoG by 2 h treatment with the relevant antibod-
ies, the number of nuclei with a fragmented morphology
significantly decreased (65 ± 12%, n = 4 and 20 ±
10, n = 4, without or with immunodepletion, respec-
tively; nuclei shown in Figure 5B, panel c). These results

Figure 4. Cytochrome c, AIF and EndoG levels in cytosolic and
mitochondrial fractions isolated from control and LHON cybrids in-
cubated in galactose medium. Control (HGA) and LHON cybrids
were incubated in DMEM-galactose medium for the times indi-
cated, then harvested and cytosolic and mitochondrial fractions
were isolated, as described in Materials and methods. 50–80 µg
of cytosolic (A) or mitochondrial (B) fractions were separated by
SDS-PAGE and Western blotting was performed with specific anti-
bodies. As control for loading, actin and mitochondrial heat shock
protein-70 (mtHsp70) were used in the cytosolic and mitochon-
drial fractions, respectively. Representative blots are shown.

clearly indicate that AIF and EndoG are required for the
induction of chromatin condensation.

Discussion

The current investigation into the apoptotic death path-
way in LHON cybrids maintained in galactose medium
allowed us to make the following conclusions. Firstly, cy-
brids bearing the three common LHON mtDNA muta-
tions are consistently unable to maintain their ATP con-
tent during incubation in galactose medium. In addition,
this energetic failure, which parallels the cybrid death
curve, involves a caspase-independent pathway, which is
mediated by AIF and EndoG.

The rapidly progressive ATP depletion was found to be
a unique characteristic pertaining to the LHON cybrids,
as control cybrids and 143B cells maintained their ATP
content in galactose medium, being able to survive and
even proliferate with this carbon source.8 The ATP con-
tent of control and LHON cybrids is mostly generated
by glycolysis. In fact, incubation of these cells in glucose

Apoptosis · Vol 10 · No 5 · 2005 1003



C. Zanna et al.

Figure 5. Immunofluorescence analysis of cytochrome c and EndoG release from mitochondria during incubation with galactose medium
and in vitro assay for nuclear fragmentation. (A) 14484/ND6 LHON cybrids were incubated in DMEM-galactose medium for 16 and 24 h,
fixed and stained with anti-cytochrome c or anti-EndoG primary antibody. Cytochrome c was visualized with FITC-secondary antibody
and EndoG with TRITC- secondary antibody, as described in Material and methods. Nuclei were visualized after loading with 1 µg/ml
Hoechst. Images were captured with a digital system under an inverted epifluorescence microscope. A representative experiment is
shown. Arrows indicate apoptotic cells. Scale bars, 15 µm. (B) Nuclei isolated from HeLa cells were incubated in cytosolic extracts
isolated from 14484/ND6 LHON cybrids in DMEM-glucose medium (panel a) or incubated for 24 h in DMEM- galactose medium (panel
b). An aliquot of cytosolic extract obtained from cells incubated in galactose medium was then immunoprecipitated with anti-AIF and
anti-EndoG antibodies (panel c). Nuclei were visualized after loading with 1 µg/ml Hoechst. Images was captured with a digital system
under an inverted epifluorescence microscope with Plan-Apo 63X/1.4 oil objective. A representative experiment is shown. Scale bars,
15 µm.

medium in the presence of rotenone or oligomycin or
both these inhibitors did not significantly reduce their
ATP content (our unpublished result). These results are
in agreement with recent data showing that cybrids with
severely defective oxidative phosphorylation, such as those
carrying the neuropathy, ataxia, and retinitis pigmen-
tosa (NARP) or mitochondrial encephalomyopathy, lac-
tic acidosis and stroke-like episodes (MELAS) mtDNA
mutations, maintained a normal ATP content in glucose
medium, also in the presence of oligomycin.29 It is there-

fore likely that, in glucose medium, glycolytically gener-
ated ATP is utilized to maintain the mitochondrial mem-
brane potential (��m ). Thus, the drastic reduction of gly-
colytic flux, caused by substitution of galactose for glucose
in the medium, would force cells to derive ATP from mi-
tochondrial oxidation of pyruvate.30 Despite the fact that
the respiration of LHON cybrids bearing 11778/ND4
mutation was previously reported as normal, the rate of
ATP synthesis in digitonin-permeabilized cybrids was re-
duced by 60% when driven by complex I substrates.22,23
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Thus, it is likely that the energetic failure, which is com-
pensated in vivo under glycolytic conditions, only becomes
relevant under the stressful conditions imposed by the
galactose model and may play an unpredicted role in
LHON pathophysiology.

In fact, the current study indicates that the energetic
failure of LHON cybrids in galactose medium shaped the
pathway of cell death. We clearly show that despite the
significant release of cytochrome c from mitochondria, the
death process was caspase-independent. Given that both
cytochrome c and ATP are required for the assembly of
the apoptosome and subsequent caspase-9 activation, the
early drastic reduction of ATP levels is likely to impair
the formation of the oligomeric complex and consequently
abort the activation of the caspases cascade.31 A significant
stimulation of caspase-3 cleavage was previously reported
in the same LHON cybrid cell lines treated with anti-Fas
antibody.6 We have also shown here that caspase-3 can be
activated after treatment with staurosporine. Although
the involvement of other caspases cannot be completely
ruled out, it is noteworthy that, in addition to caspase-3,
caspase-6, -7, -8 and -10 may also have some affinity to
cleave the Ac-DEVD-AMC oligopeptide. Therefore the
lack of DEVD and DFF45 cleavage, in conjunction with
the inability of the pan caspase inhibitor z-VAD-fmk to
promote cell survival, strongly suggests that these execu-
tioner caspases are not activated during LHON cybrids
death in the galactose model.

The presence of nuclear fragmentation in the absence
of caspase activation raised the possibility that other path-
ways of cell death may be in play.14 Indeed we documented
that, in addition to cytochrome c, AIF and EndoG are also
released from mitochondria into the cytosol during cell
death of LHON cybrids in galactose medium. The inhi-
bition of nuclear fragmentation obtained in the cell-free
assay after immunodepletion of these apoptogenic factors
strongly indicates that AIF and Endo G are required for
nuclear chromatin fragmentation and the oligonucleoso-
mal DNA degradation previously reported.8 The hierar-
chy of mitochondrial apoptogenic factor release is con-
troversial and usually studied in cell models with caspase
activation inhibited by z-VAD-fmk.16,32,33 In the galac-
tose model of LHON cybrid death here reported, which
occurs in the absence of any significant caspase activation,
we observed by western blot analysis of cytosolic and mi-
tochondrial fractions and by immunofluorescence studies,
that cytochrome c release preceded that of AIF, which was
followed by EndoG. These findings are in accordance with
recent data showing that AIF is peripherally associated
with mitochondrial inner membrane, while EndoG may
be located in the matrix, or tightly bound to the inner
membrane.16 In the caspase-independent camptothecin-
induced neuronal cell death, cytochrome c release was also
shown to precede AIF translocation.33 However, in cells
treated with Bax/Bak-dependent pro-apoptotic drugs, the

release of AIF and EndoG, but not of cytochrome c, was
prevented by the caspase inhibitor z-VAD-fmk, suggest-
ing that a caspase-dependent step is required.16,34 It is
likely that the sequence of mitochondrial events may de-
pend on the cell type and/or mode of apoptotic induction.
Furthermore, other factors might influence the rate of re-
lease of apoptogenic factors, altering the mode and extent
of mitochondrial permeabilization.32,34

Conclusion

In conclusion, we propose that during the galactose-
induced death of LHON cybrids, the early reduction of
ATP levels prevents the onset of the “classical” cytochrome
c-mediated caspase-dependent pathway. However, the re-
lease of AIF and EndoG from mitochondria into the cy-
tosol, and their subsequent translocation into the nucleus
can account for the typical changes in chromatin struc-
ture and completion of the cell death process. On the other
hand, the presence of some typical apoptotic hallmarks8

when the ATP levels are reduced below the values criti-
cal for the caspase-dependent execution of the apoptotic
process, estimated at 25% of the normal ATP value,35

suggests that the cell death mediated by AIF and Endo
G can proceed also under a rather impaired energetic sta-
tus. It must be noted that under these conditions the
percentage of necrotic cells, determined by acridine or-
ange/ethidium bromide loading, was previously reported
to be negligible.8

The LHON cybrid galactose model has proven very
helpful to investigate cell death pathways in relation to
the pathogenic mtDNA mutations. We are aware that
the drastic conditions established with this model are ar-
tificially set and not necessarily match what may occur
in vivo.26 However, a number of conditions such as envi-
ronmental toxins, in particular tobacco smoking,36 and
nuclear genetic factors determining, for instance, less ef-
ficient antioxidant mitochondrial machinery,37 may tip
RGC over a threshold leading to bioenergetic failure and
rapid ATP depletion. This may play a role in driving cel-
lular death following a pattern similar to that observed in
our galactose model of LHON cybrids.

The RGC system is believed to be particularly sen-
sitive to both energy production and mitochondrial
distribution.4 This is due to the skewed functional proper-
ties of the RGC derived axons, which run unmyelinated in
the nerve fibre layer of the retina, and after turning into the
optic nerve head, acquire the myelin sheath having passed
the lamina cribrosa. The myelinated postlaminar portion
of the optic nerve is less energy dependent compared to the
more anterior unmyelinated portion, because of the salta-
tory conduction of action potentials. Thus, mitochondria
are concentrated within the initial unmyelinated stretch
of the RGC axons where energy is needed to maintain
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the ion pumping for an efficient transmission of action
potentials.4 The role of ATP availability in such a system
may be of great importance in LHON pathophysiology.
In this regard, it is becoming clear that at least some of
the cell death pathways in chronic neurodegenerative dis-
eases follow mechanisms alternative to those mediated by
caspases.14 Further studies, possibly taking advantage of
animal models,38,39 or by using cells derived from patients
(i.e. fibroblasts) are needed to establish the exact sequence
of events at the molecular and cellular level in the target
tissue. However, we believe that our experimental model
could be useful to study therapeutic strategies aimed at
preventing or at least limiting the activation of apoptotic
cellular death.
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