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In this study, we show augmented autophagy in the retinal pigment epithelial cell line ARPE-19
when cultured in the presence of the lipofuscin pigment A2E. A2E alone does not induce RPE cell
death, but cell death was induced in the presence of A2E with the autophagy inhibitor 3-methylad-
enine (3MA), with a concomitant increase in the generation of mitochondrial reactive oxygen spe-
cies. On the other hand, the ATP production capacity of mitochondria was decreased in the presence
of A2E, and pharmacological inhibition of autophagy had no additional effects. The altered mRNA
expression level of mitochondrial function markers was confirmed by real-time polymerase chain
reaction, which showed that the antioxidant enzymes SOD1 and SOD2 were not reduced in the pres-
ence of A2E alone, but significantly suppressed with the addition of 3MA. Furthermore, transmission
electron micrography revealed autophagic vacuole formation in the presence of A2E, and inhibition
of autophagy resulted in the accumulation of abnormal mitochondria with loss of cristae. Spheroid
culture of human RPE cells demonstrated debris accumulation in the presence of A2E, and this accu-
mulation was accelerated in the presence of 3MA. These results indicate that autophagy in RPE cells
is a vital cytoprotective process that prevents the accumulation of damaged cellular molecules.
� 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction phagocytosis of oxidized tips of the outer segments by RPE cells
Retinal pigment epithelial (RPE) cells, a monolayer of postmi-
totic cells located between photoreceptors of the retina and chori-
ocapillaris, play multiple vital roles in photoreceptor function and
survival, such as photoreceptor outer segment phagocytosis, main-
tenance of the visual cycle, and supply of nutritional factors, and
are possibly associated with the pathogenesis of diverse diseases
[1,2]. Intense light exposure, together with an ample oxygen sup-
ply from the choroid, exposes RPE to constant oxidative stress
[1], leading to lipid peroxidation of the disk membranes in the pho-
toreceptor outer segment, which may be counteracted by the
[3]. However, phagocytosis of barely digestible materials results
in the accumulation of a complex of highly oxidized and degraded
molecules with autofluorescence called lipofuscin in RPE cells [2].
Lipofuscin is amassed with age in normal healthy RPE cells, as well
as diseased RPE cells. Several clinical observations suggest that
excessive lipofuscin accumulation is related to RPE cell damage.
It is generally accepted that RPE cell dysfunction due to abnormal
lipofuscin accumulation is involved in all key pathological path-
ways of retinal diseases including Stargardt disease (STGD) and
age-related macular degeneration (AMD) [4,5]. Lipofuscin accumu-
lation was significantly increased in RPE cells of STGD patients
compared with age-matched controls [6,7]. Moreover, a relation-
ship was noted between lipofuscin accumulation (i.e., increased
autofluorescence by fundus autofluorescence) and soft drusen,
especially in cases with large soft drusen areas [8,9]. Thus, eluci-
dating the molecular mechanisms underlying impaired RPE cell
function appears crucial both for improving our understanding of
the pathogenesis of retinal disease and for identifying novel targets
for prophylaxis and therapeutic intervention. Among more than 25
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components of lipofuscin, A2E is the most major fluorophore iden-
tified in aged human eyes and is characterized the most intensively
[10,11]. Previous laboratory investigations suggested that A2E
exerts toxic effects on RPE cells through diverse mechanisms. It
was suggested that A2E oxidation products may trigger the com-
plement system, which predisposes the macula to disease and con-
tributes to chronic inflammation [12]. Additionally, A2E interferes
with cholesterol efflux from RPE late endosomes/lysosomes, which
in turn inhibits acid lipase and results in a feed-forward cycle of
cholesterol accumulation in RPE cells [13]. A study suggested that
A2E impairs lysosomal acidification [14], but a later study demon-
strated that at the physiological level, A2E does not inhibit the
activity of several lysosomal enzymes [13]. A2E also targets spe-
cific molecules; for example, it inhibits isomerohydrolase in the
visual cycle, thereby disrupting the 11-cis retinal supply to the ret-
ina, resulting in photoreceptor dysfunction [15] and activating the
retinoic acid receptor, thereby upregulating pro-angiogenic mole-
cules [16]. Additionally, A2E has been shown to destabilize cellular
membranes, inhibit respiration in mitochondria, and impair degra-
dation of phospholipids from phagocytosed outer segments [11].

Possible protecting functions of RPE cells against A2E loading as
a senescent change may involve autophagy, which is the major
mechanism for renewing all cytoplasmic parts of post-mitotic cells.
In mammals, three types of autophagy have been described, i.e.,
microautophagy, chaperone-mediated autophagy, and macroauto-
phagy [17]. Among others, macroautophagy is the most prevalent
form of autophagy. The macroautophagy process can be divided
into induction, initiation/nucleation, elongation and closure, i.e.,
engulfment of cytoplasmic proteins, lipids, and damaged organ-
elles, maturation and fusion with primary lysosomes, and finally,
degradation, in which contents are degraded by lysosomal
enzymes. Previous studies demonstrated that the factors related
to autophagy are expressed in RPE cells. Moreover, diverse cellular
stress, such as oxidative stress, lipid oxidation products, and
intense light exposure, can increase autophagic activity in RPE cells
[18–21], suggesting that autophagy plays important roles in the
maintenance of RPE cells. Additionally, a recent study demon-
strated involvement of noncanonical autophagy in the visual cycle
[20]. Given that A2E interferes with various RPE cell functions and
is related to the production of lipid peroxidation products such as
4-hydroxynoneal and malondialdehyde, A2E may alter autophagic
activity in RPE cells.

Here we investigated the effects of A2E on RPE cells with a focus
on its relationship with autophagy. Our results indicate that
autophagy functions against A2E-mediated cytotoxic effects and
plays a pivotal role in the pathogenesis of lipofuscin-related retinal
diseases.
2. Results

2.1. Autophagy is induced in A2E-laden RPE cells

First, we examined the amount of the lipidated form of micro-
tubule-associated protein light chain, which correlates closely with
autophagosome number. Consequently, when ARPE-19 cells were
incubated with A2E, we observed autophagy induction as demon-
strated by the conversion of autophagy protein LC3 (form I) into
the lipidated form (form II) (Fig. 1A). Lipidation of LC3 resulted in
cytosolic punctate localization of LC3. Consistent with the Western
blot analysis, LC3 punctae were confirmed in green fluorescent
protein (GFP)–LC3 transfected cells, which showed perinuclear
localization after A2E treatment (Fig. 1B). An ubiquitin ligase, Par-
kin, is recruited from the cytosol to mitochondria and promotes
mitochondria-specific autophagy known as mitophagy [22]. Inter-
estingly, Parkin punctae were also found to be localized in the
cytosol in GFP–Parkin transfected cells after A2E treatment
(Fig. 2B), suggesting the involvement of mitophagy.

2.2. Inhibition of autophagy in A2E-laden RPE cells reduces cell
viability and increases mitochondrial reactive oxygen species
generation

To determine the role of autophagy on RPE cell function,
we applied pharmacological inhibition of autophagy using 3-
methyladenine (3MA), as widely reported in the literature. Western
blot analysis demonstrated that 3MA treatment decreased the rel-
ative levels of LC-3 II, corroborating that 3MA inhibited autophagic
vacuole formation (Fig. 1A). Similar to previous studies, A2E alone
did not affect the viability of ARPE-19 cells under the present
conditions, as measured by WST-1 and LDH release assays
(Fig. 2A). However, pharmacologic inhibition with 3MA remarkably
increased RPE cell death. Similar results were obtained with cul-
tured human RPE cells, suggesting autophagy is required for RPE
cell survival (Fig. 2A).

Given that A2E affects mitochondrial function, we first charac-
terized mitochondrial mass by staining with MitoTracker Orange,
a dye that binds to mitochondrial reactive oxygen species (mROS).
Concomitantly, we measured the mitochondrial ATP generation.
Interestingly, in the presence of A2E, mROS generation was
increased (Fig. 2B). As expected, in the presence of A2E, ATP gener-
ation was decreased in a dose dependent manner. Thus, the
increased production of mROS may partly contribute to the
reduced synthesis of the mitochondrial ATP. Addition of 3MA alone
had no effect on the production of mROS or ATP. mROS generation
was further increased in the presence of A2E plus 3MA (Fig. 2B).
However, with regard to ATP production, addition of 3MA to A2E
had no synergistic effect on the reduction of ATP synthesis
(Fig. 2C), suggesting that mROS generation is not due to mitochon-
drial ATP, but rather due to cellular antioxidant(s) or antioxidant
enzyme(s) quenching mROS.

2.3. Acceleration of decreased SOD gene expression in A2E-laden RPE
cells with pharmacological inhibition of autophagy

First, reverse transcription polymerase chain reaction (RT-PCR)
was performed to examine the mRNA expression levels of the
genes involved in mitochondrial biogenesis and mROS quenching.
Among the genes examined, PPAR g coactivator (PGC1a), PPAR g
coactivator (PCG1b), and PGC-1-related coactivator (PRC) were
upregulated in the presence of A2E, whereas mitochondrial tran-
scription factor (TFAM) and nuclear respiratory factor (NRF1) mRNAs
were questionably but significantly upregulated in ARPE-19 cells in
the presence of A2E (Fig. 3). However, inhibition of autophagy by
3MA did not change the mRNA levels of these factors, and the
mRNA expression levels of these genes, upregulated by A2E, were
unchanged even in the presence of 3MA. Thus, the genes involved
in mitochondrial biogenesis were induced by A2E treatment inde-
pendent of autophagy. In sharp contrast, the genes for the antiox-
idant enzymes superoxide dismutase 1 (SOD1) and superoxide
dismutase 2 (SOD2) were unchanged in the presence of A2E alone;
however, the expressions of these genes was downregulated with
the addition of 3MA (Fig. 3).

2.4. Autophagic vacuole formation in A2E-laden RPE cells and
abnormal mitochondrial accumulation with the inhibition of
autophagy

We further corroborated the morphological findings by trans-
mission electron microscopy (TEM). Preliminary analysis revealed
that mitochondria were more easily observed in cultured human
RPE cells compared with ARPE-19 cells. Thus, cultured human



Fig. 1. Treatment with increased autophagic flux. (A) Western blot analysis was performed for LC-3 in ARPE-19 cells treated for 12 h. Levels of LC-3-II, the active form, were
higher with the addition of A2E (10 lM). With 3MA (10 mM) treatment, the relative levels of LC-3 II decreased, suggesting 3MA inhibited autophagic vacuole formation. (B)
(Top) Autophagic vesicle formation visualized by transfection of green fluorescent protein (GFP)–LC3. ARPE-19 cells were transfected with a plasmid that expresses GFP–LC3
fusion protein. After 24 h, the cells were incubated for 12 h in 10 lM A2E in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) or without
serum. The cells were immediately visualized by fluorescence microscopy. (Bottom) Mitophagic vesicle formation visualized by transfection of GFP–Parkin. ARPE-19 cells
were transfected with a plasmid that expresses GFP–Parkin fusion protein. After 24 h, cells were incubated for 12 h in 10 lM A2E in DMEM containing 10% FBS or without
serum. The cells were immediately visualized by fluorescence microscopy.
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RPE cells were used for analysis. In cultured human RPE cells, auto-
phagic vacuoles were not frequently found, as expected. Induction
of autophagosomes was evident in the RPE cells after A2E treat-
ment. Cytoplasmic vacuole formation and electron lucent cytoplas-
mic vacuoles, which often accompanies with increased autophagic
influx [23], were also observed. In the presence of 3MA alone, no
morphological changes were evident. However, A2E plus 3MA
treatment resulted in a number of mitochondria with a disorga-
nized structure of disrupted cristae and a swollen appearance
(Fig. 4).
2.5. Inhibition of autophagy enhances the accumulation of debris in
A2E-laden RPE spheroid culture

Both SOD1 and SOD2 play important roles in RPE homeostasis,
including Bruch’s membrane integrity and basal laminar deposi-
tion. Thus, three-dimensional spheroidal culture of human RPE
cells, which provides a three-dimensional view of the structure
on the basal side of RPE, was used to investigate the morphology
of the basal side of RPE and Bruch’s membrane. Moreover, it was
previously documented that spheroid culture system of RPE cells



Fig. 2. Inhibition of autophagy in A2E-laden RPE cells reduced cell viability and increased mitochondrial ROS generation. (A) Combined treatment of A2E (10 lM) and 3MA
(10 mM) reduced the viability of ARPE-19 cells. Cells were treated with the indicated compounds for 24 h and subjected to the WST1 assay and LDH assay, respectively. (B)
Increased mitochondrial reactive oxygen species with A2E and 3MA stimulation. ARPE-19 cells were seeded in 96-well plates and stimulated with A2E (10 lM) and/or 3MA
(10 mM). After 12 h incubation, the cells were labeled with MitoTracker CMTMRos, which is a mitochondria-specific fluorescence dye that indicates mitochondrial ROS
activity. Fluorescence intensity was measured in a Microplate Reader (ARVO, Perkin Elmer, CA, USA). The ratios of MitoTracker/Hoechist 33342 fluorescence were calculated
in each well. (C) Reduction of ATP by A2E treatment. ARPE-19 cells were seeded in 96-well plates and stimulated with A2E at the indicated concentrations and/or 3MA
(10 mM). After 12 h incubation, the cells were labeled with ToxGlo, an ATP detection reagent. Fluorescence intensity was measured in a Microplate Reader (ARVO).

Fig. 3. Expression of mitochondrial genes in response to A2E and 3MA treatment. ARPE-19 cells were treated with A2E (10 lM) and/or 3MA (10 mM) for 24 h. RNA was
extracted and analyzed by real-time reverse transcription polymerase chain reaction (RT-PCR). The mRNA levels of mitochondrial genes were normalized to those of GAPDH.
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is different from monolayer culture in that the RPE cells in the
spheroid phagocytose inner material derived from apoptotic cells,
and RPE cells produce more evident lipid nanoparticles in the
spheroid culture than those observed in monolayer culture, sug-
gesting increased lipogenesis [24]. As reported previously [24], a
Bruch’s membrane-like structure, which possessed an elastin layer
as the main component of Bruch’s membrane, was generated on
the surface of spheroids of human RPE cells (Fig. 5A), and scanning
electron microscopy (SEM) revealed a smooth surface on the
spheroids (Fig. 6). In contrast, A2E treatment resulted in morpho-
logical alterations involving budding or segmentation of RPE cells
and basal laminar deposits and membranous debris-like materials
(Figs. 5A and 6). Elastin immunostaining revealed granular staining
covering the spheroid, suggesting partial disruption of elastin lay-
ers. 3MA treatment alone had no apparent effect; however, in the
presence of A2E plus 3MA, these morphological alterations were
more remarkable, presumably resulting from growth defects of
the lamellipodia of RPE or increased accumulation of debris due
to oxidative cellular stress. Elastin immunostaining revealed pro-
nounced disruption of the elastin layer covering the surface of
the spheroids. RT-PCR demonstrated that the elastin gene was
upregulated in the presence of A2E, which was further increased
with an addition of 3MA (Fig. 5B). TEM demonstrated that 3MA
treatment alone resulted in infrequent vacuole formation, while
the cellular structure of RPE was markedly disorganized with
numerous vacuole-like structures, cellular materials, and increased
lipid deposition with the treatment with A2E plus 3MA (Fig. 6).

3. Discussion

To assess the role of the lipofuscin pigment A2E in RPE cell func-
tion, we investigated whether lipofuscin accumulation affects
autophagy. Incubation of human RPE cells with A2E resulted in
pronounced influx of autophagy. Since normal and pathological
aging are often associated with reduced autophagic potential
[25–27], we tested the effect of an early stage inhibitor of autoph-
agy, 3MA, which acts on an upstream regulator of autophagy. We
found that inhibition of autophagy resulted in cell death and
increased the accumulation of debris in the RPE cells in the pres-
ence of A2E. 3MA alone neither affected cell viability nor resulted



Fig. 4. Transmission electron microscopy (TEM) analysis of human RPE cells. Human primary RPE cells were cultured in the presence of A2E (10 lM) and/or 3MA (10 mM)
and subjected to TEM analysis. Note that in the presence of A2E, an autophagic vacuole is visible (arrows). In the presence of A2E and 3MA, some mitochondria exhibited a
disorganized structure with disrupted cristae and a swollen appearance (arrowheads). Bars = 1 lm.

Fig. 5. Morphological analysis of human RPE spheroids. (A) Light microscopy and (B) immunocytochemistry of human RPE spheroids. Human primary RPE cells were cultured
in RPE spheroids for 7 days and subjected to A2E (10 lm) and/or 3MA (10 mM) treatment. A Bruch’s membrane-like structure with an elastin layer was generated on the
surface of the human RPE spheroids. Elastin staining was diffuse on control spheroids such as those seen in the layer of Bruch’s membrane, while A2E treatment showed
irregular patchy staining, suggesting remodeling of Bruch’s membrane. Bars = 100 lm. (C) RT-PCR demonstrated that this morphological alteration of the elastin layer was
accompanied by overexpression of elastin at the mRNA level.
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in the accumulation of debris. Concomitantly, accumulation of
damaged mitochondria was remarkably increased in the presence
of A2E, especially when autophagy was inhibited. Therefore,
autophagy in RPE cells is considered a vital cytoprotective process
for preventing the accumulation of damaged cellular molecules.

The present study implicated ROS generation, due to mitochon-
drial damage at least in part, in RPE damage. Clinical findings from
STGD and AMD patients have revealed that excessive lipofuscin
accumulation precedes atrophy of the outer retinal layers and
the subsequent loss of visual function. Cumulative evidence sup-
ports an increase in mitochondrial stress and dysfunction in the
RPE cells of AMD patients [28,29]. The increase in the structural
alterations of mitochondria coincides with the pathology of AMD
[28]. Oxidative stress leads to mitochondrial DNA damage,
increases ROS generation, and reduces metabolic capacity [29].
Furthermore, oxidative stress and lipid peroxidation products have
been shown to upregulate autophagy to prevent the accumulation
of damage. Damaged mitochondria activate inflammasomes by
increasing oxidative stress and/or through direct activation by oxi-
dized mitochondrial DNA [30,31]. The present study extends these



Fig. 6. Ultrastructural analysis of human RPE spheroids. Top to bottom. SEM images (and magnified insets), and TEM images of human RPE spheroids. Human primary RPE
cells were cultured in spheroids for 7 days and subjected to A2E (10 lm) and/or 3MA (10 mM) treatment. SEM revealed a smooth surface on the spheroids. With A2E
treatment, budding or segmentation of RPE cells, accompanied by basal laminar deposits and membranous debris-like materials, was observed and was further pronounced in
the presence of A2E and 3MA. Bars = 100 (top) and 20 (bottom) lm, respectively. TEM revealed that 3MA treatment alone resulted in infrequent vacuole formation, a
markedly disorganized cellular structure of RPE with numerous vacuole-like structures, cellular materials, and increased lipid deposition in response to treatment with A2E
plus 3MA. Bars = 20 lm.
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previous findings by showing that A2E accelerates mitochondrial
damage and suggests that the removal of damaged mitochondria
by autophagy is essential for RPE cell survival. Together with pre-
vious studies demonstrating the involvement of autophagy in RPE
homeostasis [18–21], the present study suggests that autophagy is
vital for cellular homeostasis in RPE cells.

Among the factors investigated, the mRNA expression levels of
SOD1 and SOD2 were downregulated. In the presence of A2E alone,
these genes were not significantly downregulated, but in the pres-
ence of A2E and 3MA, significant downregulation of these genes
was evident. If antioxidant enzyme systems fail to prevent oxida-
tive damage, autophagy takes effect as a second-line protection
response by oxidatively degrading damaged cellular structures.
Both SOD1 and SOD2 play important roles in RPE homeostasis
and Bruch’s membrane integrity [32]. Sod1�/� mice have acceler-
ated age-related pathologic changes in the retina reminiscent of
AMD, including drusen, thickening of Bruch’s membrane, and cho-
roidal neovascularization [33]. Sod2 knockdown mice had RPE and
Bruch’s membrane changes and accumulated A2E and lipofuscin
granules in the RPE [34]. These results emphasize the role of anti-
oxidant enzymes in RPE pathogenesis, as the phenotype includes
RPE hypopigmentation and increased lipofuscin, Bruch’s mem-
brane thickening, basal laminar deposits, and photoreceptor disor-
ganization. Additionally, a recent study identified major AMD risk
alleles; the ARMS2/HTRA1 risk alleles decrease the SOD2-mediated
anti-oxidative pathway [35]. The present study demonstrated the
downregulation of SOD1 and SOD2 in the presence of A2E plus
3MA. Using a three-dimensional culture system, it was demon-
strated that the exposure to A2E alone moderately disrupted
Bruch’s membrane formation and that the inhibited autophagy in
the presence of A2E resulted in the accumulation of basal-laminar
deposit-like materials. There were marked morphological differ-
ence between the RPE cells treated with A2E alone and
A2E + 3MA in the spheroid culture system. Moreover, the differ-
ence was more evident when RPE cells were cultured in the spher-
oid than the monolayer system. In the spheroid culture, RPE cells
are supposed to be phagocytically active and there is a metabolic
challenge to the lysosomal system, which is continuously degrad-
ing phagocytosed materials [24]. Considering that the endolysoso-
mal system is also important for autophagy, the marked difference
between the RPE cells in the spheroid culture and monolayer cul-
ture is attributable to their difference in phagocytotic activity.
TEM revealed that debris accumulation was rare in the presence
of A2E, but pronounced in the presence of A2E plus 3MA. Thus,
the present study clearly demonstrated that A2E and the loss of
autophagy lead to RPE damage and debris accumulation. This
was observed at A2E levels that occur in vivo in the RPE of aged
individuals. Taken together with the aforementioned studies [32–
34], the present results suggest that reduced autophagy activity
in the presence of A2E results in the reduced expression of antiox-
idant enzymes, accelerating cellular degeneration.

The present study demonstrated that in our in vitro system,
autophagy is upregulated in the presence of A2E after short-term
exposure; however, it should be noted that age-related lipofuscin
accumulation may eventually lead to impairment of autophagy
in RPE cells in vivo for the following reasons. Firstly, a previous
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study described a 30% decrease in the intracellular ATP levels in
aged RPE [36]. Reduced capacity of energy supply in aged cells is
due mainly to decreased electron transfer in the mitochondrial
respiratory chain [36]. Autophagy is a highly energy-consuming
process which may be affected by ATP deficit. Indeed, moderately
reduced ATP levels may affect autophagy in RPE cells [37]. Sec-
ondly, although still controversial, A2E or lipofuscin may impair
lysosomal function [14,38]. In phagocytic cells, including in the
RPE, acidic compartments of the endolysosomal system are impor-
tant regulators of both phagocytosis and autophagy. Thus,
decreased lysosomal capacity might also result in decreased
autophagy in RPE cells, not affecting autophagosome biogenesis
or fusion with lysosomes, but rather impairing the terminal stage
of the degradation process. Thus, A2E accumulating in aged RPE
cells, in which autophagy is already impaired, may exert RPE cell
damage. It is also possible that A2E inhibited lysosomal function
resulting in accumulation of autophagosomes rather than
increased autophagic flux through this pathway. Also, since only
one inhibitor of autophagy is used in this study, it is important
to note any potential off-target effects of the drug. Therefore, the
clarification of specific molecules of autophagic pathway that are
crucial to maintain RPE homeostasis are an important issue for
future studies.

In summary, the present study demonstrated that A2E and
impaired autophagy mediate RPE cell damage. Future studies
should address the link between reduced autophagy in aged RPE
and lipofuscin-related degenerative retinal disorders, such as STGD
and AMD. Identification of molecules involved in RPE homeostasis
will unravel the potential target molecule(s).

4. Materials and methods

4.1. Cell culture

The ARPE-19 human RPE cell line was cultured at 37 �C in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS). Primary human RPE cells (Takara, Tokyo,
Japan) were cultured in F-12 medium containing 10% FBS and diag-
nostic medium (Glutamax II, Invitrogen, CA, USA). For mitochon-
drial ATP assays, ARPE-19 cells were cultured in DMEM
containing galactose instead of glucose.

A2E was prepared as previously described [16]. Typically, a
mixture of all-trans-retinal (50 mg) and ethanolamine (4.6 mg) in
ethanol (1.5 ml) was stirred in the presence of acetic acid (4.7 ll)
at room temperature under dark conditions for 2 days. The reac-
tion mixture was evaporated and then purified by silica gel column
chromatography. After elution with MeOH:CH2Cl2 (5:95) to
remove less polar byproducts, further elution with MeOH:CH2Cl2

(5:95) including 0.1% trifluoroacetic acid gave A2E.
For uptake into cultured ARPE-19 cells, A2E was delivered at

10 lM (except for mitochondrial activity assays in which the indi-
cated concentrations of A2E were used) into the culture media, and
confluent cell cultures were incubated with A2E or ethanol (con-
trol) for the indicated period. 3MA, a specific inhibitor of autoph-
agy, was added at a concentration of 10 mM. Mitochondrial ROS
measurements, visualization of autophagic vacuoles, and TEM
were performed 12 h after stimulation before the beginning of
apparent cell death (data not shown), and cell viability assays were
performed 24 h after stimulation.

4.2. Cell viability and mitochondrial activity assays

Cell viability assays (staining with WST1, Roche, Basel, Switzer-
land; LDH, Takara; and Hoechst 33342, Life Technologies, CA, USA)
were performed according to the manufacturers’ instructions. Cel-
lular ATP levels were quantified in ARPE-19 cells. Mitochondrial
activity assays (Mitochondrial ToxGlo Assay, Promega, CA, USA;
and Mito Tracker, Life Technologies) were performed according
to the manufacturers’ instructions.

4.3. Vesicle formation visualization and Western blot analysis

Autophagic and mitophagic vesicle formation was visualized
under an epifluorescent microscope in cells transfected with a
plasmid expressing GFP–LC3 and GFP–Parkin fusion proteins,
respectively. Western blot analysis was performed in a standard
manner. ARPE-19 cells were collected in lysis buffer, and cell
lysates were separated by SDS–PAGE. Anti-LC3 antibody was used
at a concentration of 1:1000. Binding was detected with the appro-
priate HRP-conjugated secondary antibody at a concentration of
1:1000 and the ECL-Plus Western Blotting Detection System (GE
Healthcare, PA, USA).

4.4. Quantitative RT-PCR

For quantitative real-time RT-PCR of the mitochondrial genes,
2 lg total RNA extracted from ARPE-19 cells with Trizol (Life Tech-
nologies) was reverse transcribed using the Superscript VILO cDNA
Synthesis Kit (Life Technologies). After reverse transcription, 4 ll
cDNA was used as a template for quantitative real-time PCR per-
formed on a Thermal Cycler Dice Real Time System II (Takara)
using SyBR Premic Ex Taq II (Tli RNaseH Plus, Takara). PCR was car-
ried out in a 20-ll volume using Platinum SYBR Green qPCR Super-
Mix UDG (Invitrogen) for 30 s at 95 �C for denaturing, followed by
55 cycles at 95 �C for 5 s, 55 �C for 5 s, and 72 �C for 10 s in a Roche
LightCycler. The values of each gene were normalized to the
expression levels of GAPDH. RT-PCR primers sequences are shown
in a supplementary file (Supplementary file).

4.5. Spheroid culture

The primary human RPE cells were cultured essentially as
described previously [24]. After conventional culture, 4500 human
RPE cells were resuspended in 150 ll culture medium with 20%
stock methylcellulose solution (v/v) in nonadherent 96-well cul-
ture plates with a rounded bottom (Nunc, Langenselbold, Ger-
many). After 7 days of culture, the spheroids were exposed to
A2E and/or 3MA for 24 h, harvested, and subjected to immunohis-
tochemistry with a primary antibody against elastin and electron
microscopy. For immunohistochemistry, anti-elastin antibody
was used at a concentration of 1:1000 and visualized with the
appropriate HRP-conjugated secondary antibody at a concentra-
tion of 1:1000 visualized by diaminobenzidine staining.

4.6. Ultrastructural analysis

SEM and TEM were performed with reference to a previous
report [39]. A monolayer of cultured human RPE cells or spheroids
were fixed with 2% paraformaldehyde and 2% glutaraldehyde in
0.1 M PBS at pH 7.4. After dehydration and embedding, cells or
semi-thin sections of spheroids were analyzed by electron micros-
copy (JEOL JEM-200EX, Akishima, Japan).

4.7. Statistical analysis

Results are presented as the mean (±SE). Values of P < 0.05 were
considered significant. Statistical analysis was performed in SPSS
17.0 for Windows (SPSS Inc., NY, USA).
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