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Vitamin A dimers trigger the protracted death of retinal
pigment epithelium cells

DM Mihai1 and I Washington*,1

Cellular events responsible for the initiation of major neurodegenerative disorders of the eye leading to blindness, including
age-related macular degeneration, Stargardt and Best diseases, are poorly understood. Accumulation of vitamin A dimers, such
as N-retinylidene-N-retinylethanolamine (A2E) in the retinal pigment epithelium (RPE), is one of the earliest measurable events
preceding retinal degeneration. However, the extent to which these dimers contribute to tissue degeneration is not clear.
To determine if A2E could trigger morphological changes associated with the degenerating RPE and subsequent cell death, we
evaluated its toxicity to cultured human RPE cells (ARPE-19). We show that A2E triggered the accumulation of debris followed by
a protracted death. A2E was up toE14-fold more toxic than its precursor, retinaldehyde. Measurements reveal that the
concentration of A2E in the aged human eye could exceed the concentration of all other retinoids, opening the possibility of
A2E-triggered cell death by several reported mechanisms. Findings suggest that accumulation of vitamin A dimers such as
A2E in the human eye might be responsible for the formation of ubiquitous RPE debris, an early indication of retinal
degeneration, and that preventing or reducing the accumulation of vitamin A dimers is a prudent strategy to prevent blindness.
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The elucidation of environmental and genetic drivers of RPE
senescence has been a persistent goal toward understanding
and preventing degenerative disease of the retina. Since their
structural elucidation in the 1990s, dimers of dietary vitamin A,
in particular N-retinylidene-N-retinylethanolamine (A2E),
have been postulated as chemical triggers, driving retinal
senescence and associated degeneration. The eye uses
vitamin A as a cofactor to sense light. A striking chemical
signature of the aging and degenerating retina is the
accumulation of vitamin A dimers in the retinal pigment
epithelium (RPE)1,2 and underlying Bruch’s membrane.3 In
rodent models of macular degeneration,4–8 high levels of
vitamin A dimers correlate with poor retinal health and a
variety of mechanisms have been proposed by which dimers
of vitamin A may induce retinal toxicity ranging from non
specific to direct antagonistic/protagonistic mechanisms.9–16

As a cationic ambiphilic pyridinium, A2E has been shown to
solubilize lipid membranes, inactivate lysosomes by increas-
ing lysosomal pH, and accumulates in the negatively charged
mitochondrial compartment. Once dimerized, the special
orientation of the polyene chains make them especially
susceptible to oxidative degradation16 leading to secondary
reactive aldehyde and epoxide toxicants.17 Direct reported
mechanisms of A2E toxicity include, acting as an agonist for
retinal pigment epithelium-specific 65-kDa protein,18 retinoic
acid receptors,10 cyclooxygenase-2,19 and covalent modifica-
tion of biomolecules,20,21 among others.

Despite data demonstrating that dimers of vitamin A can
disrupt cellular hemostasis, there is less direct evidence
supporting their role as primary drivers of retinal senescence.
More recently, based on studies in ARPE-19 cells, it has been

proposed that A2E’s chemical precursor, vitamin A aldehyde
(retinaldehyde), might play a role in the degenerative process
and that A2E might be a benign biomarker of increased
levels of retinaldehyde.16–18 To determine if A2E could
chemically trigger the degenerative process in the retina, we
explored the acute and long-term toxicity of A2E to human
retinal pigment epithelium (RPE) cells in vitro. ARPE-19 cells
treated with A2E showed degraded mitochondria, accumu-
lated glycogen and lipofuscin debris, and underwent a
protracted, dose-dependent death over several days to
months. These data suggest that A2E can trigger the
accumulation of lipofuscin-like debris in the in vivo RPE and
can be detrimental to the retina’s health. Data further reveal
that increasing concentrations of A2E in the RPE potentially
plays a larger role in retinal senescence than previously
thought.

Results

A2E in the aged human eye. To determine the approx-
imate amount of A2E in the aged human eye, we quantified
A2E from seven eyes of donors between 67 and 87 years of
age. Figure 1a shows representative chromatograms of a
solution of synthetic A2E and of an organic extract from a
human eye. All peaks from the eye extract displayed double-
arm absorption spectra characteristic of dimerized vitamin A.
We found the human eyes to contain 54±16 nmoles of A2E
per eye. Over 95% of A2E was recovered from the eyes as
additional extractions recovered less than 0.02 nmoles of
A2E per eye. The limit of detection for A2E was 3 pmoles
of A2E on column. The same eyes contained an average of
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5±1 nmoles of retinyl esters per eye, within the range of the
amount of retinyl esters reported from human eyes
(9±4 pmoles per eye).22 We found significantly less A2E in
the 3–5-year-old bovine eye (10±1 pmoles per eye; n¼ 3)
and in the 6-month-old swine eye (2.4±0.4 pmoles per eye;
n¼ 4). However, the amounts of vitamin A esters were of the
same order of magnitude of that found in the human eye
(12±0.4 for bovine and 9±3 for swine).

Uptake and metabolism of retinaldehyde and A2E. As a
model of the RPE, we used a commercial human
RPE cell line, ARPE-19, which we cultured under three
conditions: non-confluent (80% confluent), 2 week post
confluence and 8 week post confluence (Supplementary
Figure S1). As retinaldehyde and A2E are not readily water
soluble, we incorporated them into liposomes23 and
determined their bioavailability when added to the culture
medium.

The major retinoids detected 15 h after incubating 8-week
confluent RPE cells with retinaldehyde were retinoic acid,
all-trans-retinol, 11-cis-retinol and retinol esters (Figure 2a).
Negligible amounts of retinaldehyde were found, suggesting
retinaldehyde had been either reduced or oxidized. The ratios
of retinol, retinoic acid, and retinyl ester changed with time and
were dependent on culturing conditions (Supplementary
Figure S2). In general, longer incubation times resulted in
more retinol and retinoic acid. We were not able to detect any
retinoids in control cultures in which retinaldehyde was not
added to the medium.

Conversely, cells incubated with A2E incorporated A2E
over several days (Figures 2b and c). During 14 days of
incubation, 30% (4.5 pmoles/mm2) of A2E in the media had
been incorporated into cells (Figure 2c). Oxidized A2E was
also detected in the cells (Figure 2b). The incorporated A2E
remained stable. For example, after incubating cells with
16 pmoles/mm2 of A2E for 2 days and then washing the cells,
1.2 pmoles/mm2 of A2E had been incorporated. After an
additional 14 days, we measured the same amount of cellular
A2E (A2E day 14: 1.2±0.2 pmoles; P40.5). However, when
A2E was incubated in media alone for 14 days, 16% of A2E
had degraded.

Acute toxicity of A2E and retinaldehyde. Figures 3a
and b show representative light microscopy images of cells
scored as alive (a) or dead (b) after their incubation with A2E.
Figure 3c plots the number of days required to reach cell
death for cells cultured for up to 3 weeks post exposure to
A2E at various concentrations (horizontal axis). High
concentrations of A2E (200–600 pmoles/mm2) induced cell
death within days, whereas cell death occurred after 3 weeks
with lower concentrations (88–176 pmoles/mm2). For the
lowest tested concentrations (29–59 pmoles/mm2), no toxi-
city was observed during the 3-week test period. After visual
inspection, we confirmed cell viability through the resazurin
assay (Supplementary Figure S3). The dose of A2E at
which the rate of resazurin reduction was halved (EC50) was
57–66 pmoles/mm2 for cells cultured under all three culturing
conditions (Figures 3e–g).

Similarly, we treated cells with liposomal retinaldehyde.
Contrary to A2E, toxic levels of retinaldehyde induced cell
death within 2 days as measured by visual inspection and
resazurin assay (Figure 3d). Longer incubation times did not
affect the EC50. The EC50 varied with the maturity of the cell
culture. For non-confluent cells, the EC50 was 46 pmoles/mm2

(Figure 3h). For 2-week confluent cells, the EC50 increased to
114 pmoles/mm2 (Figure 3i), while for 8-week confluent cells,
EC50 reached 310 pmoles/mm2, nearly sixfold the EC50 of
non-confluent cells (Figure 3j). When the 8-week confluent
cells were treated with the lower concentrations of retinalde-
hyde (88–176 pmoles/mm2), resazurin reduction rates were
significantly faster than control cells not treated with retinal-
dehyde (Figure 3j).

Morphological changes in cultured RPE cells in
response to chronic repeat A2E exposure. To determine
if A2E could induce morphological changes in vitro com-
monly associated with the degenerating in vivo RPE, we
investigated changes in RPE morphology in response to sub-
toxic treatment with A2E. Retinal hyperautofluorescence is
considered an early indicator of pathology. Cells incubated
with A2E for 24 h exhibited localized and spherical auto-
fluorescence (Figure 4a), while fluorescence was absent in
cells cultured without A2E. Cells treated repeatedly with A2E

Figure 1 Concentrations of A2E can exceed vitamin A esters in the aged human eye. (a) Representative LC trace of A2E and an extract from an 87-year-old eye. A2E and
oxidized A2E were defined as all peaks shown in the chromatogram. Peaks from A2E isomers and their oxidation products (blue line) overlapped with peaks from extracts from
human eyes (red line), with the exception of the first peak. The first eluting peak, seen in the oxidized A2E sample, was absent in the human-derived extract. (b) Total amount
of A2E and oxidized A2E measured in the human eyes
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for longer periods (3.5 months) showed diffuse, particulate,
and demarcated areas of autofluorescence (Figure 4b), while
age-matched control cells not treated with A2E showed no
autofluorescence (Supplementary Figure S4). The above
data are consistent with the notion that vitamin A dimers such
as A2E are potentially major contributors to retinal hyper-
autofluorescence in humans.

Figures 5 and 6 show the ultrastructure of cells at 1 and 4
months of age when not treated (controls) or treated with A2E,
respectively. At 1 month (Figures 5a–d), the control cells
appeared flat, in a monolayer with thin apical and basement
processes and with microvilli or finger-like projections on the
apical and basal surfaces. Primary lysosomes, mitochondria,
rough and smooth endoplasmic reticula, and lipid bodies were
distributed throughout the cytoplasm. The cells were without
melanin or tight junctions. At 4 months (Figures 5e–h), Golgi
apparatus, mitochondria, and rough and smooth endoplasmic
reticula were more developed and prominent. Pinocytotic
vesicles and mutivesicular inclusions were also observed in
the cytoplasm at this stage. Glycogen was more prominent
and distributed randomly throughout the cytoplasm. Areas of
cell mutilayering, up to three cell layers thick, could also be
seen. Tight junctions began to form at cells joined at the apex
and laterally.

Conversely, at 1 month (Figures 6a–f), A2E-treated cells
contained abundant, randomly arranged glycogen deposits,
and large glycogen pools up to 1 mm in diameter.
Vacuoles were apparent around the glycogen deposits. Cell
multilayering was observed, contrary to what was seen in

age-matched controls. Cell shape was more irregular and the
apical and basement processes were longer and more
numerous than in control cells. More lipid droplets and
lysosomes were found compared with control cells. The
lysosomes in the A2E-treated cells were more heterogeneous
with varying electron densities. In the 4-month group
(Figure 6g), degenerated dead cells were apparent, although
absent in age-matched controls. Cells grew in multilayers, up
to five layers in some cases. Glycogen and associated
vacuoles were more apparent, with vacuoles increasing in
size. There was a dramatic increase in heterogeneous
lysosomal bodies. However, lipid droplets decreased
compared with A2E-treated cells at 1 month. Atrophic
mitochondria presented as multilayered or laminated bodies
(Figures 6h–k). Some of these laminated bodies contained
paracrystalline inclusions (Figure 6i).

A2E-treated cells showed 110% greater area of Schiff base
staining compared with control cells, confirming an increase
in glycogen (Figure 7). No fluorescence was observed
when we reacted A2E-treated cells with the Schiff reagent
in the absence of periodic acid oxidation (Supplementary
Figure S5), ruling out potential contribution of native
aldehydes to the pararosaniline-Schiff fluorescence.

Discussion

We found that the amount of A2E in the 70–87-year-old eye
(54±16 nmoles per eye) can exceed that of vitamin A. This
amount of A2E was similar, on a per retinal surface area basis,

Figure 2 Retinaldehyde is metabolized, A2E accumulates. (a) Representative HPLC chromatogram of retinoids in the combined cell culture medium and cells 16 h after
incubation with 64 pmoles of retinaldehyde/mm2 of culture plate. Relative amounts of synthesized retinoids are shown. Under the HPLC conditions employed, retinaldehyde
isomers overlapped with the cis-, trans-isomers of retinoic acid. Cells were cultured for 8 weeks on polystyrene. (b) Representative HPLC chromatograms of A2E extracted
from cultured ARPE-19 cells. We incubated 2-week confluent cultures with 16 pmoles/mm2 A2E. At 2 and 14 days, we removed the media and we quantified cellular A2E by
HPLC. Peaks representing A2E and oxidized A2E are labeled. (c) Plot showing A2E accumulation with time. We incubated 2-week confluent cultures with 16 pmoles A2E/mm2

surface area. At the times shown, we washed the cells and quantified cellular A2E by HPLC
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as the amount of A2E reported in the mouse model of
Stargardt disease,24 but exceeded estimates from previous
reports in humans. In pooled isolated RPE/choroids from
donors above 40 years of age, an average 0.7–1.13 nmoles of
A2E per eye was estimated.2,25 In donors with Best vitelliform
macular dystrophy, the concentration of A2E was estimated to
be approximately 4.5 nmoles per eye.26 We calculated an
extinction coefficient at 435 nm of 15 ,146 M� 1/cm1 measured
in ethanol. This value is approximately half of what was
previously reported.25 However, halving extinction coefficient
would only halve our calculated amount of A2E. The
propensity of A2E to exercise its full toxicity spectrum is
presumably dictated by its concentration. As such, the

relatively large amounts of A2E found in the eye opens the
possibility of A2E triggering retinal death by a variety of
proposed mechanisms.

Suggestions that vitamin A, as retinaldehyde, rather than its
dimers might be a primary driver of retinal degeneration,
resulted from studies comparing toxicities of retinaldehyde
and A2E in cultured ARPE-19 cells. Maeda et al.27 and
Wielgus et al.28 observed that retinaldehyde added to the cell
culture media killed RPE cells but that A2E at the same
concentrations did not appear toxic. This finding was partially
corroborated by Suter et al.29 and Sparrow et al.30 who
reported that A2E-induced cell death occurred at higher
concentrations in the cell culture medium than reported by

Figure 3 Relative acute toxicities of A2E and retinaldehyde. Representative light micrographs of cells scored as alive (a) and dead (b). Scale bar, 100mm. (c and d) Plots
showing time to death for 8-week confluent ARPE-19 cells treated with varying concentrations of A2E or retinaldehyde as evaluated by visual inspection according to panels a
and b. We grew cells in gelatin-coated 96-well plates for 8 weeks, then treated them with a single dose of the shown amounts of A2E or retinaldehyde, added to the cell culture
media. Over the next 21 days, we visualized the cells every 2–3 days for viability. Media were not changed throughout the experiment. (e–g) Dose-response curves for 8-week
confluent ARPE-19 cells treated with A2E for 21 days. We plotted the resazurin reduction rates of A2E-treated cells relative to those for control cells not given A2E, against the
respective A2E dose. Mean and standard errors are shown. EC50: concentration at which the resazurin reduction rate dropped by 50%. (h–j) Dose-response curves for three
groups of ARPE-19 cells treated with retinaldehyde. Cells were grown to the desired stage in 96-well plates and then treated with a single dose of retinaldehyde. After 7–21
days, resazurin reduction rates were measured and the rates were used to generate dose-response curves, as described for A2E in d. Retinaldehyde killed cells within 2 days.
Unlike for A2E, incubation for 21 days did not lower or otherwise change the EC50. In j, P-values compare points highlighted to the lowest dose of retinaldehyde used
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others for retinaldehyde. Conversely, Doyle et al.31 and
Ablonczy et al.32 reported no toxicity from retinaldehyde at
concentrations reported toxic by Maeda et al.27 and Wielgus
et al.27,28

Here, similarly, we compared the effects of a single
dose of A2E or retinaldehyde to RPE viability in culture.

Cells incorporated and stored A2E and did not appear to
metabolize it. Relatively minute concentrations of A2E
depressed cellular energetics and resulted in a protracted
cell death, occurring up to 3 weeks after initial exposure
to A2E. Previous toxicity studies evaluated shorter
times post exposure (2 days), thus seemingly under-
estimating the toxicity of A2E toward the RPE. The observed
protracted A2E-induced cell death is perhaps consistent
with the protracted degeneration occurring in diseases such
as age-related macular degeneration, where A2E and
similar dimers of vitamin A are known to accumulate over
a lifetime.

A2E toxicity was independent of cell maturity or culturing
conditions. Using RPE cells cultured past confluence, we
found A2E to be up to sixfold more toxic than retinaldehyde.
Because we did not correct for the actual uptake of A2E into
the cells, we perhaps underestimated its relative toxicity. For
example, after 14 days of a single-dose administration, a
fraction (E30%) of A2E was incorporated into the cells, so
that the reported EC50 of 66 pmoles/mm2 could be reduced to
about 22 pmoles/mm2 when corrected for A2E uptake. This
concentration is about 14 times lower than what was required
for retinaldehyde-induced cell death. The amount of A2E
found in the eyes of older individuals was around the same
order of magnitude to that needed to induce a protracted cell
death in vitro.

In contrast, retinaldehyde-induced toxicity, if any,
occurred relatively instantly, happening within 2 days,

Figure 4 A2E treatment induces autofluorescence. Excitation¼ 488 nm;
emission¼ 511–742 nm, Scale bar, 10mm. The colored bar represents relative
fluorescence intensity, red being the highest and purple being non-fluorescent.
(a) Light micrograph of 50% confluent ARPE-19 cells grown on a collagen-coated
glass, treated with A2E, and visualized 24 h later. No autofluorescence was
observed in cells not incubated with A2E and imaged under identical conditions
(i.e., the entire image was purple). (b) ARPE-19 cells aged for 4 months on
polycarbonate mesh, treated weekly with A2E for up to 4 months, fixed with
methanol, and imaged via confocal fluorescence microscopy as in a. Diffuse,
particulate, and demarcated areas of autofluorescence and an overall increase in
autofluorescence were observed. No autofluorescence was observed in control
cells not incubated with A2E but otherwise treated and imaged identically
(Supplementary Figure S4)

Figure 5 Control RPE cells. Representative electron micrographs of ARPE-19 cells cultured for 1 month (a–d) and 4 months (e–h). (a and b) At 1 month, cells were
monolayer, scale bar, 1.0mm. (a, c and d) Apical and basement processes could be seen (arrows). (c and d) Sporadic electron-dense inclusions were present. Scale bar,
1.0mm. (e and f) At 4 months, tight junctions began to form (arrows), mitochondria became more defined (e) M: mitochondria; scale bar, 0.25 mm, (f) scale bar, 0.3mm.
(g) Mutivesicular inclusions were seen. Scale bar, 0.175mm. (h) Cell mutilayering and randomly distributed glycogen (stars) are shown. N: nucleus, scale bar, 1mm
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at high doses. But at sub-toxic doses, retinaldehyde actually
increased cellular energetics. For these sub-toxic doses,
retinaldehyde was found to be metabolized within hours,
consistent with retinaldehyde being a chemical symbiont of
the retina, required for proper homeostasis, its absence or
partial depletion resulting in retinal degenerations and
blindness. Retinaldehyde toxicity was depended on culturing
conditions and was relatively toxic only to non-confluent cells.
However, when cells were cultured differently (matured past

confluence), retinaldehyde toxicity decreased by nearly
sixfold.

In vivo, very little ‘free’ retinaldehyde exists.33 In the eye,
retinaldehyde is found almost entirely bound to phosphatidy-
lethanolamine or to one of several proteins found inside,
outside, and on the surface of the RPE. Such proteins include
opsin, cellular retinaldehyde-binding protein 1, the retinal G
protein-coupled receptor (RGR),34 cellular retinol-binding
protein type I (CRBP-I), and serum retinol-binding protein

Figure 6 A2E induces morphological changes associated with retinal degeneration. Representative electron micrographs of ARPE-19 cells treated weekly with A2E for 1
month (a–f) and 4 months (g–k). Cells treated with A2E displayed morphological changes associated with the retinal degeneration. (a) Cell multilayering, up to three layers.
Scale bar, 1.0mm. (b) Long apical and basement processes. Scale bar, 1.0mm. (c) Irregularly shaped cells. Scale bar, 1.0mm. (d) Large, electron-dense, granular glycogen
pools were seen. In addition, glycogen was observed in discrete alpha patterns and randomly distributed throughout the cytoplasm. Scale bar, 1.0 mm. (e) Three lipoidal
inclusion bodies along with 25–35 nm electron-dense glycogen particles are shown. Scale bar, 0.5mm. (f) Cell multilayering, glycogen bodies, electron-dense inclusion bodies
with electron opaque cores (arrows). (g) Cell multilayering (five layers are shown.): atrophic cells (star), glycogen bodies and varying size, vacuole formation (v) around
glycogen bodies and many lysosomes of varying electron densities are shown. (h–k) Laminated bodies. Scale bar, 0.6mm. (i) A laminated body with paracrystalline inclusions.
Scale bar, 0.4mm. (j) A close-up of laminated inclusions shown in k. Scale bar, 0.6mm
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(RBP). For example, the concentrations of proteins available
to bind to retinaldehyde in the interphotoreceptor matrix
(interphotoreceptor retinoid-binding protein (IRBP), serum
albumin, and RBP) exceed that of retinaldehyde.35 The
sequestration of retinaldehyde by its binding proteins would,
presumably, limit any potential toxicity. Furthermore, in vivo,
retinaldehyde is actively transported out of the RPE mediated
by IRBP and RBP.36 Such transport, would also presumably
limit toxicity. Furthermore, retinaldehyde can be reduced
or oxidized by one of several retinaldehyde dehydrogenases
(RDHs), which reside inside the RPE or in the neigh-
boring photoreceptors. Retinaldehyde sequestration, trans-
port, and/or its oxidation or reduction all limit the exposure of
the RPE to ‘free’ retinaldehyde, thus limiting its toxicity
in the eye.

Many of the above-listed retinaldehyde/retinoid binding and
visual cycle-processing proteins only begin to be synthesized
in cultures confluent for several months.37–39 RPE cultures
can vary in their rates of biotransformation, distribution, and
excretion of retinaldehyde, potentially explaining the varia-
bility in retinaldehyde toxicity to differentially cultured RPE

cells. Toxicity studies in models lacking the above proteins
would overestimate retinaldehyde toxicity. For example,
retinaldehyde-induced toxicity diminishes in kidney
(HEK293) cells when the cells express retinol dehydrogenase
12,40 an enzyme able to convert retinaldehyde into retinol.
Even freshly isolated RPE cells can lose their ability to
synthesize 11-cis-retinoids depending on culture condi-
tions.41 Conflicting results of retinaldehyde toxicity is pre-
sumably a result of differences in retinaldehyde metabolism
due to culture maturity or culturing conditions similar to as
observed here. At homeostasis, the RPE is estimated to
contain 3.3mM of retinaldehyde.42 Given the above-listed
redundant mechanisms of retinaldehyde use, the in vivo eye
can potentially process large fluxes of retinaldehyde. For
example, in eye disorders such as Oguchi disease, retinalde-
hyde fluxes are thought to be high enough to turn the retina
yellow,43 although retinal degeneration does not occur.

This work demonstrates that A2E can induce cell death at
relatively low concentrations without light exposure. Retinal-
dehyde44 and A2E45 have been shown, in culture, to induce
greater cell death upon light exposure. We did not investigate

Figure 7 A2E increases glycogen stores. Fluorescence microscopy images of (a) control and (b) A2E-treated ARPE-19 cells fixed in methanol, oxidized with periodic acid,
reacted with pararosaniline, and visualized via confocal fluorescence microscopy under identical acquisition conditions. Scale bar, 35 mm. Cells were cultured for 4 months on
polycarbonate mesh and either treated weekly with liposomal A2E or liposomes alone (control). Glycogen is seen as areas of increased fluorescence intensity (lighter areas).
Excitation¼ 638 nm, emission¼ 660–737 nm. Control and A2E-treated cells fixed in methanol alone, or reacted with pararosaniline, but not oxidized with periodic acid, were
not fluorescent at these wavelengths Supplementary Figure S5. To quantify glycogen in panels a and b, the images were converted into binary images a0 and b0, respectively,
where black represents fluorescence intensity or glycogen deposits above a defined threshold. Treated cells had a 110% increase in total area of fluorescence (64 358 control
versus 133 219 treated) as well as 110% increase in fluorescence area fraction (6 versus 13)
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the contribution of light. When comparing light-induced
toxicity, in several reports, cells are incubated with retinalde-
hyde for up to several hours28 to days27 before light exposure.
However, in our cell model, RPE cells metabolized retinalde-
hyde within hours, complicating the interpretation of reports
that have used such models to implicate retinaldehyde in light-
induced toxicity.

A2E triggers debris. To elucidate the long-term stresses
responsible for retinal degeneration, several studies have
assessed morphological changes in RPE cells induced by
long-term cellular stress. In particular, it has been reported
that feeding outer segments to RPE cells leads to an
increase in lipofuscin-like bodies.46–48 These observations
support the hypothesis that lipofuscin accumulates as a
result of outer segment phagocytosis. Outer segments,
however, comprise a complex biological mixture, including
A2E.49 Our results demonstrate that A2E itself can be
responsible for RPE debris found in the human eye. In this
work, the term debris encompasses lipofuscin-like bodies,
late-stage lysosomes, abnormal glycogen and lipid deposits,
and inclusions that show heterogeneous electron density. As
all the above electro-heterogeneous inclusions are seen, to a
much lesser extent, in control cells, we here term them
collectively ‘debris’.

In general, lipofuscin granules are thought to be terminal
stages of lysosomal autophagocytosis of mitochondria,
glycogen, and lipid droplets.50 Thus, the observations that
A2E results in the appearance of abnormal mitochondria,
glycogen deposits, and lipid droplets is of particular interest.
The accumulation of the above debris in A2E-treated cells can
be a result of either: (1) dysregulated lysosomal clearance or
(2) specific interference with biological pathways responsible
for glycogen, lipid, and/or mitochondrial homeostasis. The
notion that A2E inhibits lysosomal clearance is consistent with
reported biochemical data evaluating lysosomal function in
the presence and absence of A2E.12,51 However, A2E has
also been suggested to directly decrease mitochondrial
function29,51 and disrupt cellular homeostasis by several
mechanisms. The debris may also reflect hindered clearance
of the delivered liposomes or may be storage compartments
for A2E. A2E, being composed of conjugated double bonds,
would be expected to be stained by osmium tetroxide and
appear electron dense. At present, we cannot conclude
whether debris accumulates because of hindered lysosomal
clearance or by direct antagonistic mechanisms. Morphologi-
cally, A2E administration leads to similar pathology to that of
other cationic amphiphilic drugs, which have been shown to
induce the formation of cytoplasmic inclusion bodies in the rat
RPE.52 Indeed, the high concentrations of A2E compared with
vitamin A, found here, in the aging human eye suggest that
many of the reported mechanisms of A2E-induced toxicity
could be in play.9–16

A2E-induced laminated bodies. The laminated bodies we
observe in vitro have been noted in the degenerating
RPE.37,53–55 Such bodies are observed in mitochondria-
related maculopathies and are said to be mitochondria at
varying stages of atrophy. The lamination representing
aberrant mitochondrial cristae derived from the infolded inner

membrane in which protein complexes of oxidative phosphor-
ylation and intermediate metabolism are embedded.
Laminated mitochondrial inner membranes have been
shown to correlate with increased reactive oxygen species
production, changes in membrane potential, and apoptosis.56

A2E, a positively charged molecule, can be expected to be
attracted to the mitochondria’s large negative potential.29

It could be that A2E disrupts mitochondrial architecture,
which leads to biochemical defects and mitochondrial
atrophy seen in the aging RPE.57 Alternatively, such
bodies might accumulate due to dysregulated lysosomal
clearance.

A2E-induced glycogenosis. In cells treated with A2E,
there was an increase in glycogen bodies, as observed
structurally and quantified via Schiff base staining. RPE
sections from AMD eyes also stain strongly for glycogen.58,59

Accumulation of glycogen reflects lower glucose utilization
and diminished glycolysis. Glucose is a major energy source
for retinal metabolism.60 The RPE forms a barrier preventing
passive diffusion of glucose from the choroid to the
photoreceptors and stores glucose as glycogen.61 Altered
glucose metabolism in the RPE would affect glucose
utilization in the neural retina.

Conclusion

The gradual failure of the retinal pigment epithelium and
Bruch’s membrane has long been suspected to be the primary
event leading to retinal degeneration in major age-related and
inherited neurodegenerative eye disorders. A common
chemical event that occurs at the earliest stage of several
neurodegenerative retinal disorders is the dimerization of
vitamin A and its accumulation in the RPE and Bruch’s
membrane. The presented data reveal that dimerized vitamin
A, A2E, can induce protracted RPE cell death and can be
directly responsible for the genesis of RPE inclusion bodies
similar to those observed in vivo in the RPE cells of the
degenerating retina. Our data show that A2E can induce
large-scale cytoplasmic remodeling consistent with previously
reported biochemical modes of A2E-induced toxicity. Data
suggest that A2E accumulation in the RPE can be an early
and primary driver of several forms of macular degeneration,
and that targeting A2E and other vitamin A dimers for their
reduction is a prudent therapeutic strategy.

Materials and Methods
A2E in the aged human eye. All procedures were done under fluorescent
lighting of wavelengths above 500 nm. A2E was prepared according to published
procedures and was used as a mixture of geometric isomers and was 98% pure
as measured by high-performance liquid chromatography (HPLC).25 Upon
allowing the solid to stand at room temperature, in the dark, in a closed vial,
for 4 months, two peaks appeared in reverse-phase chromatography that eluted
before A2E. There was also a decreased absorbance as observed by UV–vis
spectroscopy of the longer wavelength chromophore at 440 nm relative to the
shorter wavelength chromophore with a maximum at 330 nm.

For liquid chromatography (LC) analysis, we used a Flexar FX-15 system with a
PDA Detector (Perkin Elmer, Waltham, MA, USA), a 2.1� 100 mm, 1.9mm, C18
column (Brownlee, Perkin Elmer) and a 2.1� 5-mm C18-guard column (Waters,
Milford, MA, USA). The column oven was set to 45 1C and samples were eluted at
0.4 ml per minute with 60% by volume methanol containing 20% isopropanol and
0.01% trifluoroacetic acid (solvent A) and 40% type one water containing 0.01%
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trifluoroacetic acid (solvent A) for 1 min. The gradient was changed to 95% solvent A
over 4 min, further eluted for 3 min, increased to 100% solvent A over 1 min, and
eluted for 4 min at 0.7 ml per minute. To generate a standard curve, we injected 1 ml
(272 pmoles), 2ml (544 pmoles), 4 ml (1088 pmoles), and 6 ml (1632 pmoles) of an
A2E stock solution into a liquid chromatography (LC) system.

The seven human eyes (Baylor Lions Eye Bank, Houston, TX, USA) were from
donors between 68 and 87 years of age. It was not known whether donors had any
retinal disease. Eyes were stored wrapped in wet gauze, in air-tight containers, at
4 1C for 8 weeks before use. An initial incision was made on the cornea and the
cornea–iris complex was cut off, 1–2 mm posterior to the corneal limbus. We
removed the vitreous and lens, and collected the choroid, RPE, and neural retina of
each eye into a 15-ml tube. The eyecup was washed with water to collect any
pigmented tissue in the resulting eyecup. Samples were frozen at � 78 1C and
lyophilized at 30 1C for 12 h. The dehydrated tissues were placed in a 1.5-ml
centrifuge tube. To the tube, we added 1 ml of ethanol, 0.6 g of 0.9–2.0 mm
diameter steel beads, and the samples were homogenized (BBY24M Bullet Blender
STORM, Next Advance, Averill Park, NY, USA setting 7, for 15 min). Samples were
centrifuged for 5 min at 14 000 r.p.m., and the ethanol was removed and placed in a
new tube. We added another 1 ml portion of ethanol, re-homogenized for 5 min and
combined the sample with the first extract. Samples were vortexed for 30 s and
solids were sedimented by centrifugation. We removed 1 ml of the ethanol extract
and added it to a 1.5 ml capacity auto-sampler vial. Samples were held at 4 1C in an
auto-sampler. We injected 30 ml into the LC system. For quantification of A2E
isomers, we compared LC peak areas at 445 nm with that of known concentrations
of A2E isomers using the standard curve by integrating all-shown peaks and
correlating the resulting total peak area with the amount of A2E injected into the
column. Bovine eyes were treated similarly. Swine eyes were stored frozen at time
to receipt, but otherwise treated similarly.

Preparation of liposomal retinaldehyde and A2E. All-trans-retinal-
dehyde (20 mg) and A2E (42 mg) were each dissolved in 1 ml of ethanol in two
separate round-bottom flasks. A stock solution of L-a-Phosphatidylcholine (Sigma
Aldrich number P5638, St. Louis, MO, USA) (365 mg), cholesterol (56 mg), and
Tween 80 (252 mg) in 8 ml chloroform was made and 2 ml of this solution was put
into the two flasks containing the actives and 2 ml into a new, 3rd flask as a
control. The solvents were removed under vacuum with a rotary evaporator at
25 1C and trace solvents were removed by placing the flasks under high vacuum
for 1 h then flushing each flask with argon. Flasks were charged with argon and
25 ml of saline was added to each. The solutions were stirred at 60 1C for 1 h to
produce suspensions. Each solution was transferred to a 50-ml conical tube,
placed on ice, and sonicated with a probe sonicator (15 s on/15 s off) for 5 min to
yield transparent solutions. Tubes were filled to 50 ml with saline and centrifuged
at 11 000� g for 30 min, then filtered through a 0.2-mm filter under sterile
conditions. To determine the final concentrations, we added 10 ml of the liposome
to 1 ml of ethanol and recorded the absorption using ultraviolet–visible (UV–vis)
spectroscopy (the absorbance equaled 0.52 for the aldehyde and 0.091 for A2E).
We used extinction coefficients of 42 400 M1/cm1 at 380 nm for the aldehyde62 and
15 140 M� 1/cm1 at 433 nm for A2E. Retinaldehyde had an encapsulation
efficiency of 86%, yielding final concentrations of 1.2 mM. A2E had a 58%
encapsulation efficiency, yielding a final concentration of 0.83 mM. Solutions were
stored at � 20 1C.

We used HPLC to confirm that retinaldehyde and A2E did not oxidize, isomerize,
or degraded during encapsulation. Both retinaldehyde and A2E gave the same
chromatograms before and after their encapsulation. We did not observe
degradation for either A2E or retinaldehyde when solutions were stored at
� 20 1C. For the retinaldehyde, a small amount of A2E formed by reaction with the
phosphatidylethanolamine present in the lipids used for liposome formation.
However, A2E formation accounted for less than 1% of total retinaldehyde and,
thus, did not significantly change the concentration of retinaldehyde.

Retinal pigment epithelium cell models

Non-confluent cells: Cells (ARPE-19 from CRL-2302, American Type Culture
Collection (ATCC), Manassas, VA, USA) were grown according to the
manufacturer’s instructions in Dulbecco’s Modified Eagle medium/nutrient mixture
F12 (DMEM/F12; BioWhittaker, Walkersville, MD, USA) with 10% fetal bovine
serum (Fetal Bovine Serum, Standard Quality, PAA Laboratories, Etobicoke,
Ontario, Canada) and 1% L-glutamine-penicillin-streptomycin (Sigma, St. Louis,
MO, USA) at 37 1C and 5% CO2. All assays were performed when the cells were
approximately 80% confluent.

Two-week confluent cells: We grew the ARPE-19 cells in the above culture
media supplemented with a bovine retinal extract at a final concentration of 500mg
of protein/ml and cultured the cells up to 2 weeks after reaching confluence.

Eight-week confluent cells: ARPE-19 cells were plated onto gelatin-coated,
96-well plates. To prepare the gelatin-coated plates, we prepared a 1% gelatin
solution by adding 2 g of gelatin to 200 ml of deionized water and autoclaved the
solution for 45 min. The solution was placed under UV light while cooling to room
temperature. We added 100ml of the gelatin solution to each well of a 96-well
plate. The 96-well plates were placed into a 37 1C incubator for 30 min, after which
non-adhered gelatin was removed and the plates were placed back in the
incubator for another 30 min before plating the ARPE-19 cells. The cells were
grown in culture media with bovine retinal extract at a final concentration of 500mg
of protein/ml and cultured up to 8 weeks after reaching confluence. Four weeks
after reaching confluence, the percent of fetal bovine serum was reduced to 1%.

Retinal extract: In total, 1–2 g of frozen bovine retina dark-adapted/dark-
dissected (InVision BioResources, Lynnwood, WA, USA) was placed in 10 ml cold
PBS with calcium and magnesium, and homogenized using a gentleMACS
Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) set to program-D. The
homogenate was then centrifuged at 15 000 r.p.m. for 30 min at 4 1C and the
supernatant was filtered through a 0.2-mm cellulose nitrate, sterilization filter
(Nalgene MF75, Rochester, NY, USA) and stored at � 20 1C. Total protein was
determined by measuring the absorbance at 280 nm, using bovine serum albumin
as a standard.

Retinaldehyde metabolism in cultured RPE cells. We used 8-week
confluent cells grown as described in a 6-well plate. However, the plate was not
gelatin coated. We washed cells and added 600ml of cell media containing
100mM of liposomal retinaldehyde (64 pmoles of retinaldehyde/mm2 of cells) to
each well of the 6-well plate. Cells were incubated for up to 15 h. To stop the
reaction and extract retinoids, we added 1 ml of butanol and scraped cells with the
tip of a disposable pipette. We collected the solution, precipitated insoluble
material by centrifugation at 15 000 r.p.m. for 5 min and analyzed the butanol layer
by HPLC. HPLC was done on a Waters HPLC system with a 600 pump, a 2998
PDA detector with two silica, 3 mm, 100 Å, 250� 2.0 mm columns (Phenomenex,
Torrance, CA, USA) in series. Absorbance between 275 and 700 nm was
recorded. We used a mobile phase of hexanes containing 0.5% isopropyl ether
and 0.05% acetic acid at a flow rate of 1 ml per minute. Retinoids and retinoid
isomers were identified by comparison of retention times63 and absorbance
spectra63 to those of known retinoids. Relative retinoid concentrations were
calculated by measuring the maximum absorbance of the eluted solvent, using the
following extinction coefficients for hexanes: retinoic acid: 44 400,64 retinol:
52 100,65 11-cis-retinol: 34 320,65 and retinol esters: 52 100.65

A2E uptake and stability in cultured RPE cells. We added 1000 ml of
a 15mM liposomal solution of A2E (16 pmoles of A2E/mm2 of cells) to 2-week
confluent cells grown as described in a 6-well plate. For controls, we added the
same amount of A2E to wells with no cells. For analysis of A2E uptake, the media
was removed and the cells were scraped from the surface with the tip of a 1 ml
micropipette. We then added 1 ml ethanol to the well and collected the suspension
in a 2-ml centrifuge tube. After centrifugation, we used HPLC to quantify A2E in
the supernatant. For A2E stability, we treated cells for 4 days with 16 pmoles/mm2

A2E, then replaced the media with media devoid of A2E. We then periodically
quantified cellular A2E, as described above. All the experiments were run in
triplicate for each data point.

Toxicity assessment of A2E and retinaldehyde. We grew ARPE-19
cells in 96-well plates as described. For the 8-week confluent assays, we added
29, 44, 59, 88, 117, 176, 234, 352, 469 and 703 pmoles of A2E or retinaldehyde
per mm2 of surface growth area. Each concentration was added to one
column (eight wells/replicates). Column one was treated with media alone and
column two with empty liposomes at a concentration corresponding to 703 pmoles
A2E/mm2.

Similarly, for the 2-week confluent assays, we treated cells with 23, 47, 94, 234
and 469 pmoles of A2E per mm2 surface area. Each concentration was added to
two columns (16 wells). Column one was treated with media alone and column two
with empty liposomes at a concentration corresponding to 469 pmoles of A2E/mm2.
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For the non-confluent cells, we treated cells with 29, 44, 59, 88, 117, 176, 234 and
352 pmoles A2E/mm2 surface area. Each concentration was added to one column
(eight wells). Column one was treated with media alone and column two with empty
liposomes as above. For the non confluent and 2-week confluent assays with
retinaldehyde, we treated cells with 12, 23, 47, 164, 234, 352, 469, 703, 938 and
1172 pmoles retinaldehyde/mm2 surface area. Column one was treated with media
alone and column two with empty liposomes as above.

In all cases, we diluted the A2E, retinaldehyde, or empty liposomal stock
solutions to the desired concentrations with culture media (DMEM/F12; with 10%
fetal bovine serum). We removed the cell media and replaced it with media
containing A2E or retinaldehyde at the above concentrations. We used the same
volumes and otherwise identical experimental conditions for all treatments.
Experiments were repeated in duplicate or triplicate (two or three plates) for each of
the three cell culturing conditions and the two test compounds. Each concentration
of A2E and retinaldehyde was tested in 16–24 replicates.

Morphological viability: ARPE-19 cells incubated with A2E and retinaldehyde
were observed daily by phase-contrast microscopy at � 10 magnification.
Cells were scored dead when all cells in the viewing field, of all eight wells (one
column), were rounded and swollen.

Resazurin assay: We measured cell viability using resazurin (7-hydroxy-3H-
phenoxazin-3-one-10-oxide), a non-fluorescent blue dye that is reduced by viable
cells to the highly fluorescent resorufin. The rate of reduction is directly
proportional to cell fitness.66 Resazurin was prepared as a stock solution of
75mg/ml in calcium- and magnesium-free PBS and added to wells to give a final
concentration of 10mg/ml. Resorufin fluorescence was measured over 3 h using a
microplate reader (SpectraMax Paradigm Multi-Mode Microplate Detection
Platform, Molecular Devices LLC, Sunnyvale, CA, USA) by exciting at 530 nm
and recording emission at 590 nm.

To obtain dose-response curves, we calculated resazurin reduction rates for
each concentration of A2E or retinaldehyde by fitting the rate of resorufin
appearance, from 40 min to 150 min, to regression lines (using GraphPad Prism,
GraphPad Software, La Jolla, CA, USA). All regression fittings (over 1500 lines)
gave R2

Z0.99. For each plate, we normalized the reduction rates of the treated
cells to control cells (empty liposomes or media alone).

Chronic exposure of A2E to cultured RPE cells. ARPE-19 cells were
grown on microporous (8mm) polycarbonate membrane inserts according to the
manufacturer’s instructions (Corning Costar, Catalog # 3422, Corning Incorporated
Life Sciences, Tewksbury, MA, USA). Cells were seeded onto inserts at a density
of 2.5� 104 cells/well. After 5 days, inserts were transferred to a new 24-well
plate, each well containing either 800ml of a 2.5mM solution of A2E in culture
medium or culture medium with an equivalent amount of empty liposomes
(controls). Media were changed to fresh media containing A2E or control
liposomes every 10–12 days. After 3 weeks or 4 months, the cells were fixed and
prepared for electron microscopy according to the manufacturer’s instructions
(Corning Costar, Catalog # 3422). Fluorescence microscopy images were
acquired with an A1R MP Multiphoton And Confocal Microscope System
(Nikon Instruments, Melville, NY, USA) using a � 40 oil immersion objective.
We processed images using ImageJ (National Institutes of Health, Bethesda,
MD, USA).

For glycogen quantification, we fixed cells by immersion in cold (� 20 1C)
methanol for 30 s. We used a commercial kit for glycogen staining (Periodic Acid-
Schiff (PAS) Kit, Sigma, St. Louis, MO, USA) and quantified the resulting
pararosaniline-Schiff base by confocal fluorescence microscopy. Periodic acid
oxidized selectively 1,2-glycol linkages (HOCH2-CH2OH) of glycogen yielding
aldehydes, which can be colored by condensation with pararosaniline.67
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