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10-20% of individuals over the age of 65 suffer from age
related macular degeneration (AMD), the leading cause of 
severe visual impairment in bumans living in d eveloped 
countries. Tbe pathogenesis of this complex disease is 
poorly understood, and no efficient therapy or prevention 
exists to date. A precondition for AMD appears to be the 
accumulation of the age pigment lipofuscin in lysosomes of 
retinal pigment epithelial (RPE) cells. In AMD, these cells 
seem to die by apoptosis with subsequent death of photo
receptor cells, and light may accelerate the disease process. 
Intracellular factors leading to cell death are not known. 
Here we show that t he lipophilic cation N-retinyl-N-reti
nylidene ethanolamine (A2E), a lipofuscin component, in
duces apoptosis in RPE and other cells at concentrations 
found in human retina. Apoptosis is accompanied by the 
appearance of the proapoptotic proteins cytochrome c and 
apoptosis-inducing factor in the cytoplasm and the nucleus. 
Biochemical examinations show that A2E specifically tar
gets cytochrome oxidase (COX). With both isolated mito
chondria and purified COX, A2E inhibits oxygen consump
tion synergistically with light. Inhibition is reversed by the 
addition of cytochrome c or cardiolipin, a negatively 
charged phoSpholipid that facilitates t he binding of cyto
chrome c to membranes. Succinate dehydrogenase activity 
is not altered by A2E. We suggest that A2E can act as a 
proapoptotic molecule via a mitochondria-related mecha
nism, possibly through site-specific targeting of this cation 
to COX. Loss of RPE celJ viability through inhibition of 
mitochondrial function migh t constitute a pivotal step to
ward th e progressive d egeneration of the central retina. 

Age-related macular degeneration (AMD)1 affects 10-20% of 
people at an age over 65 and constitutes one of the leading 
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causes of severe visual impairment in the elderly in industri
alized nations (1). Whereas the clinical and the histopatholog
ical pictures of AMD are weil known (2, 3), molecular events 
initiating the disease remain elusive. Major obstacles in eluci
dating such events are the lack of suitable animal models and 
the complexity of the human disease. Recent studies indicate 
that genetic components (4-8) and exogenous enhancing fac
tors (9, 10) both contribute to the pathogenesis. 

In the course of photoreceptor renewal, rod outer segment 
tips are shed and phagocytosed by the underlying cells of the 
retinal pigment epithelium (RPE) (11- 13). lt is generally be
lieved that the accumu lation of the autofluorescent age pig
ment lipofuscin in RPE cell phagolysosomes constitutes a pre
dicament for the development of the disease. Lipofuscin 
accumulation and the formation of drusen and other deposits in 
the region of Bruch's membrane, which separates the pigment 
epithelium from the underlying choroid are considered initial 
steps in the pathogenesis of AMD. Drusen formation may be 
the result ofprogressive death ancl/or exocytosis ofRPE cells in 
the central retina (14, 15). 

Lipofuscin harbors two unusual retinoids, the lipophilic cat
ions N-retinyl-N-retinylidene ethanolamine (A2E) and its iso
form, iso-A2E, first isolated from the eyes of old individuals (16, 
17). The molecules can be synthesized from two retinals and 
one ethanolamine (17), both components of photoreceptor outer 
segment membranes, where 11-cis-retinal serves as the chro
mophore of the visual pigment rhodopsin and phosphatidyleth
anolamine is an abundant membrane phospholipid. 

During AMD, RPE cells may be lost by apoptosis as evi
denced with human autopsy eyes (18). Apoptosis is a form of 
cell death that, in addition to its physiological importance in 
tissue development and homeostasis (19), plays a major role in 
diseases such as cancer, acquired immune deficiency syn
drome, autoimmune diseases, and tissue degeneration (for a 
review, see Ref. 20). Mitochondria are important control cen
ters of apoptosis (21, 22). When they are destabilized, for ex
ample by oxidative stress, they release apoptosis-inducing pro
tein s. One is cytochrome c, which in the cytoplasm often but not 
always (23) activates caspases, apoptosis-specific proteases. 
Another protein is apoptosis-inducing factor (AIF), which in
duces nuclear apoptosis independently of caspase activation 
(24, 25). Present knowledge suggests that mitochondria func
tion as cellular sensors of stress into which different apoptosis 
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FIG. 1. A2E induces apoptosis in 
re tinal pigment epithelial cells. A, 
cultured retinal pigment epithelium cells 
were exposed to 50 µ~1 A2E in 0.5% 
Me,SO (lane 2) or to solvent a lone (la11e 
1). DNA was ext racted alter 24 h and 
analyzed by agarose gel electrophoresis. 
M, 100-base pair DNA ladder as marker. 
B-D, TUNEL staining of cells exposed for 
24 h to 25 µM A2E (B), 0.5 µM staurospo
rine (C), or 0.5% Me2SO (DMSO) (D). 
Scale bar, 100 µ.m . 
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induction pathways converge and that mitochondria act as 
central executioners of apoptosis (26). 

We show here that A2E induces apoptosis in cultures of 
various mammalian cell types, including RPE cells. A2E-in
duced apoptosis is preceded by a decline in mitochondrial ac
tivity and is accompanied by translocation of cytochrome c and 
AIF into the cytoplasm and nucleus. Biochemical experiments 
suggest tbat A2E targets directly tbe function of COX, wbereas 
respiratory chain activity upstream of cytochrome c is not 
affected by A2E. We propose that A2E can induce apoptosis by 
mobilizing cytochrome c and AIF from mitochondria. Our find
ings give insight into the molecular mechanism underlying 
A2E's cytotoxicity and suggest strategies to retard or overcome 
AMD. 

EXPERIMENTAL PROCEDURES 

Animals-8-Day-old specific pathogen free BALB/c mice were ob
tained from the Anima! Unit ofthe University ofConstance, and female 
Wistar rats were from the Anima! Unit of the Institute of Biochemistry 
(Swiss Federal Institute of Technology, Zurich). All experiments were 
performed in accordance with international guidelines to minimize pain 
and discomfort (National Institutes ofHealth guidelines and European 
Community Council Directive 86/609/EEC) and conformed to the ARVO 
statement for care and use of animals in research. 

Gell Cullure-RPE cells were prepared from porcine eyes obtained 
from a local slaughterhouse essentially as described previously (27). 
The purity ofthe culture was vcrificd by immunohistochcmical staining 
with anti-cytokeratin antibodies (Sigma c-2931). Experiments were per
formed with passage 1-2 RPE cells that were maintained in Dulbecco's 
modified Eagle's medium containing 10% fetal calf serum, 50 µg/ml 
gentamycin, and 2.5 µg/ml amphotericin. 

Murine cerebellar granule cells (CGC) were isolated from 8-day-old 
BALB/c mice and cultured as described (28). Contamination with non
ncuronal cells (ß-IIJ.tubulin-negative) was < 5%. Dissociated neurons 
were plated on 100 µg/ml (250 µg/ml for glass surfaces) poly-1.rlysine 
( > 300 kDa)-coated dishes at a density of about 0.25 x 106 cells/cm2 

(800,000 cells/ml; 500 µVwell , 24-well plate) and cultured in Eagle's 
basal medium (Life Technologies, lnc.) supplemented with 10% heat
inactivated fetal calf serum, 20 mM KCI, 2 mM L-glutamine plus peni
cillin/streptomycin, and cytosine arabinoside (10 µM; added 48 h after 
plating). CGC were used without further medium changes after 5 days 
in culture. The cells were exposed to A2E in their original medium in 
the presence of 2 µM ( + )-5-methyl-10,11-dihydro-5H-dibenzofa,dlcyclo
hepten-5,10-imine (MK801; Biotrend Chemikalien GmbH) and 2 mM 
Mg2• to prevent N-methyl-o-aspartate receptor activation and excito
toxicity (29, 30). 

Viability Assays~Apoptosis and secondary lysis were routinely 
quantified by double staining of neuronal cultures with 1 µg/ml 
H-33342 (membrane-permeant, blue nuorescent chromatin stain; Mo
lecular Probes, lnc., Eugene, OR) and 0.5 µM SYTOX (non-membrane
permeant, green fluorescent chromatin stain; Molecular Probes) as 
described previously (31, 32). Apoptotic cells were characterized by 
scoring typically condensed nucloi. About 200-300 cells wero count!!d in 
two or three different culture wells, and experiments were repeated 
'vith at least three different preparations. ln addition, mitochondrial 
activity was quantified by the reduction of 3-(4,5-dimethylthiazole-2-
yl)-2,5-diphenyltetrasodium bromide (MTI) (incubation for 60 min with 
0.5 mg MTT/ml). 

lmmu11ocytochemistry-CGC were grown on glass-bottomed culture 
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dishes, fixed after the experiment with 4% paraformadehyde, and per
meabilized with 0.1% Triton X-100 (for cytochrome c) or 0.1% SOS (for 
AIF). Staining of cytochrome c (anti-cytochrome c antibody; clone 
6H2.B4, Pharmingen, Hamburg, Germany) was per formed as described 
(33, 34). Rabbit anti-AIF serum (24) was used at a dilution of 1:500. 
Alexa„M-568 coupled anti-mouse IgG antibody (1:300; Molecular 
Probes) served as secondary antibody. CGC were embedded in phos
phate-buffered saline containing 50% glycerol and 0.5 µg/ml H-33342 
and imaged by confocal microscopy (TCS-40 UVNIS confocal scanning 
system; Leica AG, Benzheinl, and Leica Lasertechnik, Heidelberg, Ger
many). A2E shows a strong green and red fluorescence when excited at 
488 or 568 nm. The red fluorescence is very photolabile and can be 
eliminated by short illumination with a 50-watt lamp. Thereafter A2E 
fluorescence in the green channel was easily distinguished from the 
fluorescence of red-emitting fluorophores used for co-staining. 

Mitochondrial Membrane Potential-Mitochondrial membrane po
tential in CGC was monitored as described (23, 29) after loading cells 
with 5 nM tetramethylrhodamine ethylester (TMRE; Molecular Probes) 
on a coverslip-bottomed cell culture dish. The images were obtained 
with a confocal microscope (Leica TCS-40; Leica, Heidelberg, Germany) 
and a X 63, NA 1.32 lens. For dissipation of the membrane potential, 
carbonylcyanide-3-chlorophenylhydrazone was added to the cultures. 
The decay of TMRE fluorescence (excitation, 568 nm; emission, > 586 
nm) and of A2E nuorescence (excitation, 488 nm; emission, > 515 nm) 
was monitored individually in cont rol experiments or simultaneously 
with A2E fluorescence (A2E emission lilter set to 520 :!: 10 nm). 

Synthesis, Purifteatio11, anti HPLC Analysis of A2E anti iso·A2E
A2E and iso-A2E were synthesized from all·trans-retinal and ethanol
amine as describcd (17) and purificd chromatographically on silica gel 
60 thin layer chromatography plates using the primary developing 
system (35). A2E and iso-A2E, the former being the faster moving band, 
were detected on the plates by their fluorescence upon illumination 
with 366-nm light. The material containing A2E and iso-A2E was 
scraped off, elut!!d with chloroform/methanol/water (30/25/4), dried, and 
rechrumaLugraphe<l. Sluck solulious of A2E au<l iso·A2E were slore<l iu 
M~SO at -20 •c in the dark. Total A2E diluted into methanol was 
quantified using a molar extinction coefficient of 36,900 at 439 nm (17). 
For HPLC, total A2E was loaded onto a reversed phase column (Nucleo
sil 100-5 C18; 150 X 4.6 mm; Macherey-Nagel, Oensingen, Switzer
land ) and eluted with a gradient ofmethanol (plus 0.1% trifluoroacetic 
acid) in water (86-100% in 20 min). A2E and iso-A2E were detected at 
436 nm with a peak maximum at 16 and 19 min, respectively. 

Pltotoisomerization of A2E an.d iso-A2E-Photoisomerization was 
induced by illuminating purified A2E or iso-A2E with wlllte light (70 
watts, at 14-cm distance). The extent of isomerization was analyzed by 
HPLC analysis (see above). The isomers reached equilibrium in about 
10 min. 

Cytotoxi.cit.Y of A2E and Apoptosis Assays-A2E was diluted into the 
RPE cell culture medium to a concentration of 25 µM A2E and 0.5% 
Me2SO. Control incubations were done with 0.5% Me2SO in the absence 
of A2E as negative control and with 0.5 µM staurosporine as positive 
control. lncubation was at 37 °C with 5% C02 for 24 h in darkness. For 
TUNEL staining (TUNEL assay; Roche Molecular Biochemicals), form· 
aldehyde-fixed cells were equilibrated in 30 mM Tris, 140 mM sodium 
cacodylate, pH 7.2, treated with terminal transferase (0.25 units/µI) 
and biotin-dUTP (20 µM) in the above buffer containing 1 mM cobalt 
chloride for 60- 90 min at 37 •c, washcd in 300 mM NaCI, 30 mM sodium 
citrate, for 15 min, rinsed twice in H20, blocked for 10 min with 2% 
bovine serum albumin in phosphate-bufTered sal ine, treated with 
streptavidin-alkaline phosphatase diluted 1:500 in 100 mM Tris, 50 mM 
NaCI, pH 7.5, rinsed live times in H20, and developed using nitro blue 



tetrazolium chloride and 5-bromo-4-chloro-3-indolyl pbosphate as a 
substrate. Tbe slides were not counterstained. 

DNA Fragme11tatio11 Analysis-After incubation with A2E (50 µM; 
0.5% Me2SO; 16 h; 5% C02; 37 °C; darkness), cells were scraped from 
the plates, washed once in phosphate-buffered saline, and resuspended 
in 1mlof10 mM Tris (pH 8), 10 mM EDTA, and 10 mM NaCI. SDS was 
added to a final concentration of0.5%, and proteins were digested with 
proteinase K (0.2 mg/ml) at 37 •c for 5 h. Fresh proteinase K was added 
(0.2 mg/ml), and incubation was continued for 4 hat 50 •c. The mixture 
was extracted once with phenol/chloroformlisoamylalcohol (25:24:1) and 
twice with chloroform/isoamylaJcohol (24:1). NaCI (final concentration 
300 mM) and ethanol (2.5 volumcs) were added, and DNA was precip
itated overnight at -20 •c. After centrifugation for 10 min at 4000 x g 
(4 °C), DNA was washed once with 70% ethanol and air-dried for 1 hat 
room temperature. 100 µl of 10 mM Tris, pH 8, 1 mM EDTA, were added, 
and DNA was allowed to rehydrate for 2 days at 4 •c. RNA was digested 
by incubation at 37 •c for 1 h with 20 µg of RNase A. DNA concentra
tion was determined by A200 reading. 15 µg oftotal DNA were analyzed 
by clectrophoresis on a 1.5% agarose gel and staincd witb SybrCreen 
(Molecular Probes). 

Tsolatio11 of Mitochondria and Cytochrome Oxidase-Li ver mitochon
dria were obtained from overnight-starved rats weighing 200 g by 
differential centrifugation (36). COX was isolated from rat liver as 
described (37). 

O:cygen Co11sumption Measurements-Oxygen consumption was 
measured at 28 •c with a Clark-type oxygen electrode (YSI, lnc., Yellow 
Springs, OH) under continuous stirring. Mitochondria were diluted to 1 
mg of mitochondrial protein/ml in a buffer containing 300 mM sucrose, 
5 mM HEPES, pH 7.4, 0.5 mM ECTA, and 0.5 mg of fatty acid-free 
bovine serum albumin/ml. A2E was added to the mitochondrial suspen
sion before rotenone (5 µM) and succinate (0.4-1.2 mM). The reaction 
time was normally 4 min or as indicatcd. Cytochrome c (1 µM) or 
cardiolipin (1 µg/ml) was added as indicated. COX (263 µg/ml) assays 
were performed in 40 mM phosphate buffer, pH 7.0, and 50 µM EDTA 
with 1 mM ascorbate and 0.4 mM tetramethyl-p-phenylenediamine. 

RESULTS 

A2E Induces Apoptosis in Retinal Pigment Epithelial Cells
A2E, a component of lipofuscin in the RPE (16, 38) affects 
lysosomal function (39), inhibits growth ofhuman RPE cells in 
uitro (40, 41), and mediates blue light-induced apoptosis to RPE 
cells (42). To investigate the molecular details of A2E toxicity, 
we isolated and cultured pig RPE cells and exposed them to 
increasing concentrations of A2E. Application of as little as 25 
µ.M A2E, which results in an intracellular content of A2E found 
in human eyes (40), induces apoptosis in PRE cells within 24 h 
as evidenced by the internucleosomal DNA fragmentation of 
genomic DNA (Fig. lA) and positive TUNEL staining (Fig. lB). 
The Jatter was comparable with the staining caused by stau
rosporine, a known apoptosis-inducing agent (Fig. lC), and was 
not detected in cells exposed to solvent alone (Fig. W ). 

A2E Accumulates in Mitochondria and lnduces Release of 
Proapoptotic Mitochondrial Proteins-Mitochondria partici
pate in the execution of apoptosis induced by many agents, 
including lipophilic cations (29) and can release proapoptotic 
proteins. This is often but not always followed by activation of 
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proteases known as caspases. Because we suspected an in
volvement of mitochondria in cell death induced by the li
pophilic cation A2E, we also investigated cerebellar granule 
cells (CGC), in which mitochondria abound. Significant apop
totic death was induced in these cells at A2E concentrations of 
> 10 µ.M. lnterestingly, already lower A2E concentrations de
creased mitochondrial function as measured by the MTT assay 
(Fig. 2) or a decrease in TMRE fluorescence (not shown). The 
decline in mitochondrial activity precedes the death of CGC 
(Fig. 2). These cells accumulate A2E in mitochondria as shown 
by comparison ofthe localization of A2E with t he mitochondrial 
marker TMRE (Fig. 3A). We found that after deenergization of 
mitochondria in CGC A2E is for presently unknown reasons 
retained much longer than TMRE in the organelles (Fig. 38), 
an observation confirmed with isolated rat liver mitochondria.2 

The cells release in response to A2E the proapoptotic proteins 
cytochrome c (Fig. 4, A-F) and AIF (Fig. 4, G-M) from mito
chondria into the cytoplasm and nucleus. The two other cell 
types tested, the neuroblastoma lines CHP-100 and SH-SY5Y, 
also underwent apoptosis when exposed to A2E in a similar 
concentration range (data not shown). In none of the cell types 
investigated was death induced by A2E apparently related to 
caspase activation, since death was not preventable by 100 µ,M 
benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone or other 
established caspase inhibitors (data not shown)_ Similarly, A2E 
treatment did not activate caspase-3 in cultured RPE cells 
(data not shown). 

A2E Inhibits Respiration of Isolated Mitochondria and Cyto
chrome Oxidase-A2E is a lipophilic cation, and energized mi-

2 C. Richter, unpublished res ult. 
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FIG. 3. A2E is localizcd in mitochon
dr ia_ CCC cultures were exposed to A2E 
(20 µM) for 6 h. Solvent (A) or carbonyl
cyanide-3-chlorophenylhydrazone (CCCP, 
100 µ.M) (ß ) was added, and live neurons 
were stained with TMRE and H-33342 
and imaged by multichannel confocal mi
croscopy. A2E fluorescence is represented 
in gree11, TMRE in red, and chromatin 
structure in btue. Co-Jocalization of A2E 
and TMRE appears as yellow (artiJicial 
color fusions). Scale bar, 50 µm. 
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FIG. 4. A2E triggers release of cytochrome c and of apoptosis
inducing factor. A-F, CGC cultures were exposed to 20 µ~! A2E <D-F> 
or solvent (A-C) for 20 h, fixed, stained for chromatin structure (H-
33342, red; A and D) and cytochrome c (green; B and E), and imaged by 
confocal microscopy. Optical sections were obtained at the level of the 
neuronal somata, where mitochondria (ß ) lie in a close circle around the 
nucleus. A2E leads to the appearance of cytochrome c in the cytosol and 
the nucleus as evidenced by the fusion image (yellow; F). G-M, CGC 
cultures were oxposcd to 20 µM A2E (K-M) or solvent control (G-1), 
fixed after 24 h, stained for chromatin structure (H-33342, red; G and K) 
and apoptosis-inducing factor (green; H and L ), and imaged simulta
neously by confocal microscopy U and M). A2E leads to the appearance 
of AIF in the cytosol and the nucleus as evidenced by the fusion image 
(yellow; M). Scale bar, 25 µm. 

tochondria avidly accumulate such ions via their membrane 
potential. To gain insight into the mechanism by w hich A2E 
induces apoptosis, we investigated the response of isolated 
mitochondria and COX to A2E. Fig. 5 shows that oxygen con
sumption by mitochondria respiring on succinate is suppressed 
by A2E in a dose-dependent manner (Fig. 5A), A2E being more 
potent in the light than in the dark (Fig. 5, B and C). In 
contrast to A2E, iso-A2E inhibits respiration only marginally 
(Fig. 58), most ofthe observed inhibition being attributable to 
the conversion by light of iso-A2E to A2E. The A2E-induced 
inhibition is apparently due to detachment of cytochrome c 
from mitochondria, because inhibition can be overcome by 
added cytochrome c or c.ardiolipin (Fig. 5, C and D). When 
cardiolipin is added before A2E, t he latter is s lightly less effec
tive than when the order of addition is reversed (Fig. 5D, trace 
a versus trace b). Although the difference is not very pro
nounced, it was observed in every experiment (n = 4). Succi-
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F1c. 5. A2E inhibits mitochondrial respiration. Oxygen con
sumption of mitochondria isolated from rat liver was measured in the 
absence and presence of A2E in a Clarke-type electrode in the dark 
(aluminum foil-wrapped) or under light (70-watt tungsten lamp, 40-cm 
distance). A, concentration dependence of A2E inhibition in the dark. B, 
comparison of 10 µM HPLC-purificd A2E and iso-A2E (contcat 89.2 :!: 
1.4 or 59.2 :!: 7.8%, respectively). C, reversal of A2E (15 µ.M) inhibition 
by cytochrome c (1 µ.M). D, reversal of A2E (15 µM) inhibition by 
cardiolipin (1 µg/ml). The following additions were made: rotenone (5 
µM) (l); succinate (0.5 mM) (11); A2E (15 µM) (III); cardiolipin (1 µglmi) 
(!V). Note that the order of addition of A2E and cardiolipin is reversed 
in traces a and b; representative recordings are shown. The columns in 
A-C represent mean values :!: S.D. of four independent experiments. 

nate-ferricyanide oxidoreductase activity, which reflects elec
tron flow from succinate via its dehydrogenase to cytochrome 
bc1 , was not affected by A2E, nor was the r eduction of cyto
chrome c by the artificial electron donor dithionite (data not 
shown). 

Cardiolipin facilitates the binding of cytochrome c to COX
containing membranes {43). The above results strongly suggest 
that A2E inhibits mitochondrial respiration because it pre
vents cytochrome c binding to the inner mitochondrial mem
brane and thereby interrupts e lectron flow between cytochrome 
bc1 and COX. To substantiate this, we measured oxygen con
sumption of isolated COX. This is possible when electrons are 
provided by ascorbate and mediated to cytochrome c by the dye 
tetramethyl-p-phenylenediamine. Fig. 6A shows that also in 
this well defined system, compris ing besides t he electron donor/ 
mediator only two proteins and COX-bound cardiolipin, A2E 
inhibits oxygen consumption dose-dependently. Again, inhibi
tion is counteracted by cardiolipin addition (Fig. 6B, trace a 
versus trace b). When cardiolipin is added before A2E in this 
system, A2E is totally ineffective (Fig. 6, B, trace c versus trace 
d). As with mitochondria, iso-A2E inhibited COX only margin
ally (data not shown ). 

DlSCUSSION 

Loss of pigment epithelial cells in the retina may result in 
the so-called geographic atrophy, which is by far the most 
frequent form of AMD. To date, no eure or prevention of t his 
disease, which affects a large number of elderly people, is 
available. A better understanding of the molecular details of 
AMD's pathogenesis promises to provide rationales to success-
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F10. 6. A2E inhibils oxygcn consumption by cytochromc oxi
d ase. Oxygcn consumption of cytochrome ox.idase isolated from rat 
liver was mcasured in lhe absence and presence of A2E in a Clarke-type 
electro<lc. A, the columns ropresent mean values :!: S.D. of four inde
pendcnt cxpcrimcnts. B, reversal of A2E (3 µ.M) inhibition by cardiolipin 
(1 µglml). Thc follow ing addilions were made: ascorbat.e/TMPD (/); COX 
(//); cytochromc c (Jll); cardiolipin (IV). Representative recordings are 
shown. For experimental details, see "Experimental Procedures." 

fully retard the onset of the disease or even prevent it. Here we 
show by several complementary experimental approaches that 
the cationic A2E accumulates in mitochondria, inhibits mito
chondrial function, detaches proapoptotic proteins from mito
chondria and may thereby induce apoptosis. 

A2E and its isomer iso-A2E have been isolated from the eyes 
of elderly humans (17, 44) and rats (see below), but it is pres
ently unclear where and how these molecules are formed. In 
vitro, A2E and iso-A2E are readily synthesized by mixing all
trans-retinal with ethanolamine at slightly acidic pH (17). In 
vivo, when light strikes the visual pigment rhodopsin, the 
chromophore all-trans-retinal is liberated from the photorecep
tor outer segment membranes, reduced, and transported into 
the RPE. Additionally, packets of photoreceptor discs are 
rhythmically shed and phagocytosed by RPE cells (12). The last 
steps of A2E formation were suggested to occur in RPE 
phagolysosomes duc to the rcquirement of oxidizing and acidic 
conditions (44) and shown to result from the reaction of all
trans-retinal molecules with a phosphatidylethanolamine mol
ecule, followed by hydrolysis of the adduct (44). A2E was also 
detected in lysosomes of cells exposed in culture to the free 
compound or to A2E coupled to low density Jipoprotein particles 
(40, 45). A2E inhibits hydrolytic activities in lysosomes (14, 39) 
and mediates blue light-induced damage to RPE cells (42). 

Energized mitocbondria establish across their inner mem
brane an electric potential, negative charge inside, which 
drives sufficiently lipophilic cations nonspecifically into the 
organelles (46). We therefore suspected that the lipophilic cat
ions A2E and iso-A2E accumulate in mitochondria. Our confo
cal microscopic study indeed revealed the predominant pres
ence of A2E in CGC mitochondria. The presence of A2E in 
lysosomes but not in mitochondria reported by others (39, 40), 
and the mitochondrial localization found in our study may 
suggest thnl nfter damaging lysosomes A2E can be released 
and subsequently taken up by mitochondria. Alternatively, 
A2E may initially accumulate in and be retained by mitochon
dria, which when damaged may be engulfed by lysosomes. In 
contrast to these presumably physiological intracellular steps 
of A2E distribution pathogenetic steps leading to cell death 
may be mainly due to overloading of mitochondria with the 
lipophi lic cation. 

A2E and iso-A2E are detergent-like wedge-shaped molecules 
with slightly different dimensions. Their biological properties 
have not bccn studied in detail, and it also remained to be 
elucidated whether both isomers are relevant in the disease 
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process. We find that A2E dose-dependently induces apoptosis 
in mammalian RPE cells, approximately 50% killing of the 
cultured cells being achieved with 25 µM A2E. How may this 
relate to the in vivo situation? From one eye of elderly humans 
on average about 830 pmol were isolated (17). Assuming that in 
the eye A2E is present exclusively in RPE cells and evenly 
distributed, a concentration of about 15 µM A2E in such cells of 
elderly humans can be calculated. The age-related increase in 
human eyes is corroborated by an age-dependent accumulation 
of A2E in rat eyes. Thus, wc detccted on average about 4 pmol 
of A2E in the eyes of rats weighing 200 g and 42 pmol of A2E 
in thc cyes of rats weighing about 350 g. 

Apoptosis induced by A2E is preceded by a decline of mito
chondrial activity a nd is accompanied by the appearance of 
cytochrome c and AlF in the cytosol and nucleus, respectively. 
The detachment of cytochrome c frorn the inner mitochondrial 
membrane has at least two important consequences for mito
chondria. First, they experience oxidative stress because the 
reduction of the respiratory chain members upstream of the 
cytochrome c binding sitcs results in enhanced superoxide for
mation (47); second, when electron Oow is interrupted, mito
chondrial ATP synthesis is impaired. Both events are highly 
relevant for apoptosis because oxidative stress and decreased 
energy levels further weaken mitochondria, cause leakiness of 
their inner membrane, and favor release of proapoptotic pro
tein s from mitochondria (21, 48). AIF, a novel pro-apoptotic 
protein, is strictly confined to mitochondria, and translocates to 
the nucleus upon induction of apoptosis by various stimuli (25). 
AlF translocation is correlated with large scale DNA fragmen
t.ation and is probably responsible for apoptosis morphology in 
the absence of caspases (24, 25). 

At the cellular level, release of cytochrome c often but not 
always results in the activation ofthe caspase cascade. In cells 
with a defect in ATP generation activation of caspases can be 
entirely prevented despite high cytosolic cytochrome c concen
trations (23, 30, 32). This may explain the lack of inhibition of 
A2E-induced ccll dcath by the pancaspase inhibitor benzyloxy
carbonyl-Val-Ala-Asp-Ouoromethyl ketone. Thus, caspases 
may play at most only a minor role in A2E-induced apoptosis. 
There are in vitro precedents for apoptosis independent of 
caspase activation in the retina (49) or tumor cells (50). 

To gain additiona l insight into the mechanism(s) by which 
A2E might. inducc apoptosis, we studied its action on isolated 
mitochondria and COX. We find inhibition by A2E but not by 
iso-A2E ofmitochondrial succinate-supported oxygen consump
tion and relief of thc inhibition by added cytochrome c or 
cardiolipin, a unique phospholipid almost exclusively located in 
the inner mitochondrial membrane, where it supports oxida
tive phosphorylation (51-53). Tbe restoration of respiratory 
activity may be due to a direct interaction of A2E and cardio
lipin at the level ofCOX or to binding ofthe anionic cardiolipin 
to the cationic A2E in solution. As to the latter, we did not 
detect by UV-visible spectroscopy complex formation between 
the two compounds (data not shown). Electron flow from suc· 
cinate dehydrogenase to complex m of the respiratory chain, 
however, is not alfected by A2E, as shown by ferricyanide 
reduction measurements. These findings indicate that in mito
chondria A2E impairs specifically the interaction between cy
tochrome c and COX, a result corroborated by the data obtained 
with the isolated enzyme complex. iso-A2E causes only minor 
inhi bition ofrcspirntion by mitochondrin or isolnted COX, most 
or a ll of it being attributablc to the conversion of iso-A2E to 
A2E. This further underlines the specificity of A2E's action and 
argues against a s imple detergent-like effect of the amphiphilic 
compound. 

So far, no effi cient AMD therapy or prevention exists. Caro-
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tenoids and antioxidants (54), limiting exposure to light, or 
targeting of the precursors of A2E (44) may be useful. Our 
findings suggest several other promising strategies. One is 
supplementation with cardiolipin to facilitate retention of cy
tochrome c in mitochondria, because the mitochondrial cardio
lipin content and function decrease in humans progressively 
with age to about 60% of the value found in children (55, 56). 
Another possible strategy is the prevention of A2E formation 
by, for example, outcompeting ethanolamine with a secondary 
amine or outcompeting retinal with another aldehyde. Since 
t he level of retinal is decreased by retinal dehydrogenase, stim
ulation of this enzyme may also be useful to counteract AMD. 
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