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Incomplete degradation of outer segments (OSs) by the 
RPE leads to the accumulation of storage bodies containing 
autofluorescent lipofuscin. Lipofuscin consists of a mixture 
of lipids, proteins, the pyridinium bisretinoid A2E and its 
oxidation products, and other bisretinoids. A2E is a condensa-
tion product of two molecules of retinal and phosphatidyl-
ethanolamine (PE). Retinal isomers, including all-trans [1] 
and 11-cis [2], covalently react with the amine group of PE 
forming N-retinylidene-PE (NRPE), and this is transported 
across the photoreceptor disc membrane by ABCA4, an 
ATP-binding cassette transporter believed to function as 
an NRPE flippase. If the reverse reaction does not occur, 

releasing retinal for reduction to retinol, adding a second 
retinal molecule produces N-retinylidene-N-retinylphospha-
tidylethanolamine (A2PE), the precursor of A2E; finally, the 
phospholipid moiety of A2PE is removed by phospholipase 
D to form A2E, a reaction that occurs in the lysosomes of the 
RPE [3]. A2E and its products, as significant components of 
RPE lipofuscin, are implicated in the pathogenesis of several 
retinal degeneration diseases such as Best vitelliform macular 
dystrophy (VMD) [4], Stargardt disease [5], Stargardt-like 
macular dystrophy (STGD3) [6], and age-related macular 
degeneration (AMD). Macular dystrophies are the leading 
cause of visual impairment leading to irreversible blindness 
in the developed world [7-9]. Loss of function mutations 
in the ABCA4 transporter gene causes recessive Stargardt 
disease. Accumulation of lipofuscin in the RPE is an impor-
tant feature of Stargardt disease and usually precedes loss of 
vision in patients [5,10]. The mouse model of Stargardt disease 
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Purpose: Daily phagocytosis of outer segments (OSs) and retinoid recycling by the RPE lead to the accumulation of 
storage bodies in the RPE containing autofluorescent lipofuscin, which consists of lipids and bisretinoids such as A2E 
and its oxidation products. Accumulation of A2E and its oxidation products is implicated in the pathogenesis of several 
retinal degenerative diseases. However, A2E accumulates in the RPE during normal aging. In this study, we used a cell 
model to determine the homeostatic mechanisms of RPE cells in response to A2E accumulation.
Methods: To distinguish between pathologic and normal responses of the RPE to A2E accumulation, we treated estab-
lished ARPE-19 cells (cultured for 3 weeks after reaching confluence) with low micromolar amounts of A2E for several 
weeks. We compared the lysosomal function, lysosomal pH, degree of OS digestion, and melanization of the treated 
cells to untreated control cells in response to a challenge of purified rod OSs (ROSs). A2E was analyzed with high-
performance liquid chromatography (HPLC); and A2E and melanin were identified with mass spectrometry.
Results: We found that post-confluent ARPE-19 cells took up and accumulated A2E under dim light conditions. Spectral 
analysis of the HPLC separations and mass spectrometry showed that A2E-fed cells contained A2E and oxidized A2E 
(furan-A2E). A2E accumulation led to a modest increase (up to 0.25 unit) in lysosomal pH in these cells. The specific 
activity of cathepsin D and lysosomal acid phosphatase was reduced in the A2E-treated cells, but ROS degradation was 
not impaired. We found that, upon challenge with ROSs, melanin pigment was induced in the lysosomal fraction of the 
A2E-treated ARPE-19 cells. Thus, the ARPE-19 cells responded to the A2E treatment and ROS challenge by producing 
a melanin-containing lysosome fraction. We speculate that this prevents them from becoming impaired in OS processing.
Conclusions: We used a modified ARPE-19 cell model in which melanization was elicited as a response to chronic ac-
cumulation of A2E. We found that although A2E treatment led, as has been previously reported, to modest lysosomal 
alkalinization and lysosomal impairment of ARPE-19 cells, a potential homeostatic mechanism may involve production 
of a special type of lysosomes containing melanin.
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(Abca4−/−) recapitulates some features of the human pheno-
type, especially in the accumulation of lipofuscin pigment in 
the RPE, including A2E and its precursor A2PE-H2 [11,12]. 
Though described in the original Abca4−/− mouse phenotype 
[12], effects such as delayed dark adaptation and delay in 
clearance of all-trans-retinal from the outer segments have 
recently been questioned, with faster rod recovery seen in 
Abca4−/− [13], and no delay in retinal clearance [14], compared 
to wild-type. These aspects have yet to be resolved.

How A2E accumulation affects RPE function is likely 
multifactorial [15-17], such as mediating blue light–induced 
damage [18] and causing lysosomal dysfunction [19]. A2E 
at 5 µM causes complete lysosomal membrane disintegra-
tion after 60 min, and a striking drop in the latency of the 
lysosomes is observed at concentrations above 2 μM [19]. 
Accumulation of A2E is thought to affect lysosomal pH 
and proteolytic function, including their ability to degrade 
and process the OSs [16,20]. Treatment of the ARPE-19 cell 
line with low levels of A2E for a longer period (3 weeks), 
to recreate the in vivo situation in Abca4 −/− mice, increased 
the pH level in the lysosomes [21] that could be manipulated 
back to normal in compromised cells using cell-permeable 
analogs of cAMP [21]. Furthermore, A2E accumulation in the 
RPE causes mitochondrial dysfunction and renders the RPE 
more susceptible to oxidative stress and blue-light damage 
[18,22]. In contrast to the view that A2E plays a central role 
in AMD, recent mass spectrometric data suggested that A2E 
is not correlated with human macular lipofuscin [23,24]. To 
counter the documented adverse effects of A2E, the RPE 
must possess robust mechanisms to cope with a lifetime 
of A2E accumulation. RPE melanin has been proposed to 
exert a protective effect against A2E-mediated cell damage. 
For example, exogenous calf or human melanin added to 
A2E-loaded RPE cells was protective against photooxida-
tion of A2E and blue-light damage [25]. Additionally, intact 
human RPE melanosomes protect bovine non-pigmented RPE 
cells from photosensitized and iron-mediated oxidation [26].

In view of these not completely concordant findings on 
the effects of A2E on RPE function, we want to better eluci-
date the homeostatic mechanisms of RPE cells in response 
to A2E accumulation. We demonstrate here that even though 
chronic low-level administration of A2E leads to changes in 
lysosomal pH and impairment of lysosomal function, normal 
post-confluent ARPE-19 cells respond by ramping up produc-
tion of “melanized lysosomes.”

METHODS

A2E synthesis: A2E synthesis followed Parish et al.’s method 
[27]. Briefly, ethanolamine (19 mg/352 μmol), all-trans-retinal 
(200 mg/704 μmol), and glacial acetic acid (19 μl/155 μmol) 
were incubated in ethanol (3 ml) at ambient temperature for 2 
days in the dark. The mixture was concentrated in vacuo and 
purified (3X) with silica gel column chromatography using a 
gradient elution from 5:95 methanol:dichloromethane to 20:80 
methanol:dichloromethane to give pure A2E, which was veri-
fied with nuclear magnetic resonance (NMR) spectroscopy. 
Approximately 50 mM A2E in ethanol was stored in aliquots 
in the dark at −80 °C under argon. 35 mg of A2E were diluted 
in 5 ml of dimethyl sulfoxide (DMSO) and aliquoted under 
red light in brown vials under argon (150 µl each vial), 
which provided a 10 mM stock solution for further dilutions. 
ARPE-19 cells grown on glass slides were fed with a sample 
of each new batch of A2E and checked with fluorescence 
microscopy to demonstrate comparable A2E accumulation in 
the cells before they were used on plates or flasks.

Cell culture and A2E treatment: ARPE-19 human RPE 
cells were grown to confluence, plated on 96-well, six-well 
plates or T75 flasks, and then maintained for 3 weeks before 
use in all experiments. The ARPE-19 cell batch used was 
validated by the ATCC Cell Line Authentication Service 
(Promega, Madison, WI) using short tandem repeat analysis 
plus the Amelogenin gender determining locus (Appendix 
1). The batch was a perfect match for the ATCC human cell 
line CRL-2302 (ARPE-19). Stock A2E solution (10 mM in 
DMSO) was diluted to a final concentration of 20 nM to 
10 µM in prewarmed Dulbecco’s modified Eagle medium 
(high glucose; DMEM)/10% fetal bovine serum (FBS), 1% 
antibiotic-antimycotic solution (Invitrogen, Grand Island, 
NY) and added to the plates, as specified. Manipulations 
involving A2E (and vehicle) addition, and all medium 
changes and feedings were conducted under dim (60–65 lux) 
yellow (589 nm) light. Two paradigms were used to study the 
effect of A2E on ARPE-19 cells—single feeding and multiple 
feeding. For the single A2E feeding procedure, cells were fed 
once for 9 h with A2E (20 nM to 10 µM) and collected the 
next day. For long-term (chronic exposure), cells were treated 
overnight for 9 h four to five times over the course of treat-
ment (3 weeks). Media were changed to the standard culture 
media following each treatment. Cells were evaluated for the 
integrity of A2E in the cells with high-performance liquid 
chromatography (HPLC) analysis following multiple feeding 
with 20 nM to 10 µM A2E. A2E in lysosomal fractions was 
measured spectrofluorimetrically as previously described 
EnVision 2104 Multilabel Reader (PerkinElmer, Waltham, 
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MA) fluorescein isothiocyanate (FITC) filters (excitation 485 
nm, band width 14 nm/emission 535, band width 25 nm) [15].

Rod outer segment feeding of cells: Bovine rod outer segments 
(ROSs) were purified with discontinuous density gradient 
centrifugation as described originally by Papermaster and 
Dreyer [28] and modified by Schertler and Hargrave [29]. In 
brief, vigorously shake 200 bovine retinas in 180 ml sucrose 
buffer (45% sucrose in buffer A: 100 mM potassium phos-
phate, pH 7.0, containing 1 mM MgCl2, 0.5 mM DTT, and 
0.1 mM EDTA). This is followed by centrifugation (3,000 
×g 5 min, 4 °C) to obtain a crude ROS fraction. Filter the 
supernatant through gauze and dilute 1:1 with buffer A. This 
preparation is again centrifuged for 7 min at 4,400 ×g. Each 
pellet is resuspended in 1 ml of sucrose in buffer A of density 
1.105. The ROS are purified by discontinuous density gradient 
centrifugation (18 ml of sucrose in buffer A of density 1.135, 
then 17 ml of sucrose in buffer A of density 1.115, and crude 
ROS layered on the top). The tubes are centrifuged in a 
Beckman (Brea, CA) SW 28 rotor for 1 h at 27,000 ×g and 4 
°C without the brake. ROS is collected as slightly orange band 
at the 1.115 -1.135 interface. This ROS suspension is diluted 
1:1 with buffer A and harvested by centrifugation at 39,000 
×g and 4 °C. Pellets are stored at -80 °C until use. For feeding 
cells, the ROS were solubilized in 100 mM bicarbonate buffer 
with 10% sucrose (pH = 8.5), counted in a hemocytometer, 
and administered at a concentration of 1 × 107 ROS/ml. ROS 
were added for 6 h followed by an 18-h chase with fresh 
media. Then the ARPE-19 cells were collected, and the lyso-
somes were immediately isolated.

High-performance liquid chromatography analysis of A2E: 
Pelleted RPE cells (225 cm2 flask) were washed once with 
1 ml phosphate-buffered saline (PBS ; 1X, 137 mM NaCl, 
2.7mM KCl, 10 mM NaHPO4, 1.8 mM KH2PO4, pH 7.4), 
homogenized in 975 µl H2O and 2.5 ml methanol-glacial 
acetic acid (98:2), and then 1.125 ml chloroform was added 
to get a single phase solution. The solution was thoroughly 
mixed and centrifuged for 5 min at 16,000 ×g to pellet 
proteins. Then 1.225 ml of chloroform and 1.225 ml of H2O 
were added, the tube was mixed for 1 min to separate into 
two phases, and the lower organic phase containing A2E was 
collected. A2E was analyzed with reverse phase HPLC, as 
previously described [15]. Briefly, samples were injected on a 
C30 YMC 4.6 × 150 mm column (YMC America, Allentown, 
PA) and eluted with a gradient of methanol in water (84–98% 
methanol + 0.1% trifluoroacetic acid (TFA), gradient 84% to 
96% in 10 min and 96% to 98% in another 10 min, 0.8 ml/
min; an Agilent 1200 HPLC system equipped with a diode-
array detector was used, and the data were analyzed with 
ChemStation32 software (Agilent Technologies, New Castle, 

DE). Specific wavelength detection was used for monitoring 
A2E (430 nm), and A2E and furan-A2E absorption spectra 
were extracted from the chromatograms. The quantities of 
A2E in cultured RPE were determined from the integrated 
peak intensities.

Measurement of the effect of A2E on lysosomal pH: Lyso-
Sensor Yellow-Blue DND-160, (Invitrogen; 1 µM: add 3 µl 
of 1 mM LysoSensor Yellow-Blue DND-160 concentrate to 
3 ml of medium) and LysoTracker Red DND 99, (Invitrogen; 
50 nM:1 µl of LysoTracker to 5 ml of media) solutions were 
prepared and added to the cells. LysoSensor Yellow/Blue 
DND-160 colocalized with the LysoTracker Red dye in small 
vesicles, with a distribution consistent with lysosomal origin. 
The pH was measured using a high throughput screening 
(HTS) protocol to maximize the output and minimize the 
variation. ARPE-19 cells in 96-well plates were loaded for 5 
min at 23 °C with 1 µM LysoSensor, followed by 15 min for 
internalization, and produced stable and reproducible results.

Fluorescence (ex 360 nm/em >527 nm) of LysoSensor 
DND-160 was measured for 20 msec, every 30 s, to mini-
mize bleaching. The change in fluorescence at 528 nm from 
the control cells was converted to Δ pH by calibration with 
KCl buffered to pH 4.4 to 6.0 in the presence of 10 μM of 
the H+/Na+ ionophore monensin and 10 μM of the H+/K+ 
ionophore nigericin dissolved in 20 mM 2-(N-morpholino)
ethane sulfonic acid (MES), 145 mM KCl, 10 mM glucose, 
and 1 mM MgCl2 adjusted to pH 4.4 to 6.0 with HCl/NaOH. 
The vH+ATPase inhibitor bafilomycin A1 (BfA) and chloro-
quine (CQ) were used as positive controls for the lysosomal 
change in the control ARPE-19 cells. The cells were treated 
in DMEM + 1% FBS for 3–5 h with 50 nM or 500 nM BfA 
(from 50 µM stock solution in DMSO), or 1 μM or 100 μM 
CQ. After the treatments, the cells were washed with 1X 
Hank’s Balanced Salt Solution (HBSS), and LysoSensor was 
added in HBSS for 30 min at 37 °C. Plates were read on a 
plate reader at ex 360/em 528, with a bottom sensitivity of 50.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
cell viability assay: The ARPE-19 cells were seeded in 
96-well collagen-coated microculture plates and treated with 
varying concentrations of hydroquinone (HQ; 50–500 µM) 
for 16 h, followed by a 24-h recovery period in 1% FBS in 
DMEM media [30]. At the 40-h point, the number of viable 
cells was then determined by adding 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) for 4 h 
following the manufacturer’s instructions (Cell Proliferation 
Kit I; Roche Molecular Biochemicals, Indianapolis, IN).

Immunofluorescence microscopy: The ARPE-19 cells were 
grown on slides, treated with 10  µM A2E, LysoTracker 
Red DND 99 (50 nM), and 4’,6-diamidino-2-phenylindole 
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dihydrochloride (DAPI; 1:1,000). The cells were visualized 
using an Olympus FLUOVIEW FV1000 confocal microscope 
(Olympus America, Melville, NY) with excitation/emission 
wavelengths 405 nm/em 461 nm (DAPI), ex 488 nm/ em 520 
nm (A2E autofluorescence), and ex 559 nm/em 603 nm (Lyso-
Tracker Red) with laser power at 10% and 60× magnification.

Isolation and immunoblotting of lysosomal fractions: Lyso-
somal fractions from eight flasks (175 cm2) of ARPE-19 cells 
in each group were prepared by gradient ultracentrifugation 
using a Lysosome Isolation Kit (Sigma, St. Louis, MO), 
following the manufacturer’s recommendations. Samples 
were prepared for sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS–PAGE). Denatured samples were 
separated on 10% BisTris NuPage (Life Technologies, 
Grand Island, NY) gels and electrotransferred to nitrocel-
lulose membranes. Blots were probed with antibodies with 
standard procedures and developed in color substrate BCIP/
NBT Phosphatase substrate (KPL, Gaithersburg, MD). The 
following antibodies were used: antilysosomal-associated 
membrane protein 1 (LAMP1; Cell Signaling, Danvers, MA; 
C54H11) rabbit monoclonal antibody, premelanosome protein 
17 (PMEL17) rabbit polyclonal antibody (Santa Cruz, Dallas, 
TX; SC-33590), mouse monoclonal antibody against tyros-
inase-related protein 1 (TYRP1; Santa Cruz, SC-166857), 
and mouse monoclonal antibody against tyrosinase (TYR; 
Santa Cruz, SC-20035). The secondary antibody used was 
alkaline phosphatase-conjugated goat anti-rabbit immuno-
globulin G (IgG) or alkaline phosphatase-conjugated goat 
anti-mouse IgG (1:10,000; EMD-Millipore, Billerica, MA), 
as appropriate.

Acid phosphatase and cathepsin D activity in lysosomes: 
Lysosomal fractions (40 µl) were incubated on enzyme-
linked immunosorbent assay (ELISA) plates with p-nitro-
phenyl phosphate (PNPP) substrate solution (50 µl; one tablet 
dissolved in 2.5 ml of 0.1 M citrate buffer, pH 4.8) for 20 min, 
and the reaction was quenched with 50 µl of 0.5 N NaOH. 
Absorbance was read at 405 nm. Acid phosphatase (potato 
(6 units/mg); Sigma) was used for the calibration curve. 
Cathepsin D activity in lysosomal fractions was measured 
with the Sensolyte 390 Cathepsin D Assay Kit (Anaspec, 
Fremont, CA) according to the manufacturer’s recommenda-
tions. Lysosomal fractions (10 µl) were mixed with 40 µl of 
assay buffer and 50 µl of substrate solution in ELISA Opti-
plates (PerkinElmer) and incubated for 20 min under yellow 
light. Fluorescence was read at ex 355 nm/em 400 nm.

Spectroscopic and matrix-assisted laser desorption-ioniza-
tion time-of-flight analysis of melanin and A2E in lysosomal 
fractions: The absorption spectra of the lysosomal frac-
tions were measured from 300 to 720 nm in an ultraviolet 

(UV)-visible spectrophotometer (Shimadzu UV-2501 PC, 
Columbia, MD). The λmax of A2E is approximately 439 nm 
[27], and that of the synthetic melanin standard is 335 nm 
[31]. Synthetic melanin (Sigma) was dissolved in acetonitrile 
(2 mg/ml) and then further diluted in acetonitrile:0.5 N KOH 
(1:1). A solution of 250 mM 2,5-dihydroxybenzoic acid 
(DHB) was prepared fresh each day in 1:1 acetonitrile:water. 
Melanin and DHB were mixed 1:1 and spotted on a matrix-
assisted laser desorption-ionization (MALDI) plate. MALDI 
spectra were obtained using an ABI Sciex (Framingham, 
MA) Voyager DE-STR matrix-assisted laser desorption-
ionization time-of-flight (MALDI-TOF) instrument in the 
reflective positive mode with 20,000 accelerating voltage, 
64.2% grid voltage, 2775 laser intensity, 125 nsec delay, and 
range m/z 150–1000. Lysosomal fractions mixed with DHB 
in a 1:1 ratio with a laser setting of 1950 gave clean spectra 
of A2E (m/z 592 and minor oxidation product m/z 608). 
Acetonitrile extracts of lysosomal fractions at a laser setting 
of 2775 demonstrated a pattern of peaks similar to synthetic 
melanin.

RESULTS

Uptake of A2E by differentiated ARPE-19 cells: A2E and its 
oxidation products are deposited in the RPE during normal 
aging. In some disease states, it is proposed, based on in 
vitro experiments, that accumulation of A2E can impair the 
lysosomal and mitochondrial function of RPE cells ultimately 
leading to RPE apoptosis and vision loss. As a model of A2E 
accumulation in RPE cells, 3-week post-confluent ARPE-19 
cells were loaded with various concentrations of A2E (20 
nM, 100 nM, 1 µM, 10 µM), using a single dose or multiple 
doses [5]. Following extraction from the harvested cells, A2E 
and its oxidation products were separated with reverse phase 
HPLC and quantified using an A2E calibration curve (the 
area of the A2E (all isomers) peak (at approximately 430 nm) 
was linear in the range from 25 pmol to 125 nmol; data not 
shown). According to the absorption spectra, the peaks at 
10.4–10.9 min were consistent with A2E (insets). Uptake of 
A2E by ARPE-19 cells was linear for the 100 nM to 10 µM 
range in the single and multiple treatment experiments (Table 
1 and Appendix 2). HPLC analysis of A2E extracted from 
cells after multiple or single feedings (100 nM to 10 µM) 
confirmed that A2E was detected in cell extracts showing 
similar oxidation patterns (Figure 1A,B). The peaks at 7.9 
min were identified by their absorption spectra as furan-A2E 
(blue shift of approximately 40 nm in early λmax (inset [32]). 
This identification is consistent with the occurrence of the 
mass of m/z 608 observed with mass spectrometry. We did 
not detect A2E accumulation when it was fed at the 20 nM 
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concentration at either single or multiple feedings (data not 
shown).

A2E is stored in and alkalinizes lysosomes in single and 
multiple feeding experiments: When post-confluent ARPE-19 
cultures were fed with 10 µM A2E and the cells were visual-
ized next day, A2E fluorescence (Figure 2A) and LysoTracker 
fluorescence (Figure 2C) were colocalized (Figure 2D). This 

colocalization varied in intensity, depending on the level of 
A2E accumulation by individual cells. Feeding with lower 
concentrations of A2E did not produce a reliable fluorescent 
signal on microscopy. To confirm lysosomal localization of 
A2E, ARPE-19 cells were fed five times during 3 weeks with 
1 µM A2E in DMSO or DMSO vehicle alone. The lysosomal 
fraction from these cells was isolated, and A2E fluorescence 
was compared (Figure 3A). A2E fluorescence was not seen 
in the control cells while A2E fluorescence in the fractions of 
A2E-treated cells coincided with lysosomal marker LAMP1 
expression in these fractions (Figure 3B), indicating that 
the lysosomes in the A2E-treated cells actually contained 
A2E. Because multiple feedings with A2E over time might 
more closely approximate in vivo physiology than a single 
feeding, and because we demonstrated robust colocalization 
of A2E to lysosomes using more than one technique, we 

Table 1. Quantification of A2E 
extracted from ARPE-19 cells

A2E extracted (ng/105cells)
A2E multiple treatment (5 

times) A2E single treatment (1 time)

100 nM 1 µM 10 µM 100 nM 1 µM 10 µM
2.4 39.4 425.6 0.5 8.5 83.6

Figure 1. Accumulation of A2E in 
ARPE-19 cells. A: Reverse phase 
high-performance liquid chroma-
tography (HPLC) of A2E: from top 
to bottom, A2E standard, extracts 
of cells multiple-fed 100 nM, 1 
µM, and 10 µM A2E, respectively, 
delivered in dimethyl sulfoxide 
(DMSO). The absorption spectra 
(250 to 550 nm) of the A2E peak 
(10.4–10.9 min) are shown (insets) 
for the standard and 1 µM and 10 
µM chromatogram. An absorption 
spectrum (250–520 nm) of the 
furan-A2E peak (7.9 min) is also 
shown. Dotted lines indicate the 
peaks whose spectra were scanned. 
B: Reverse phase HPLC of A2E: 
from top to bottom, A2E standard, 
extracts of cells single-fed 100 nM, 
1 µM, and 10 µM A2E, respec-
tively, delivered in DMSO. The 
absorption spectra (250 to 550 nm) 
of the A2E peak (10.4–10.9 min) are 
shown (insets) for the 1 µM and 10 
µM chromatograms. Dotted lines 
indicate the peaks whose spectra 
were scanned. Results shown are 
representative of two separate 
experiments.
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chose the multiple feeding paradigm for the remainder of our 
experiments.

Multiple-feeding of ARPE-19 cells with 10 µM A2E 
caused rapid and obvious cell death, whereas feeding with 
1 µM A2E did not. To determine the viability of the cultured 
ARPE-19 cells treated with different concentrations of A2E, 
the cells were exposed to various concentrations (50–500 µM) 
of hydroquinone to evoke oxidative stress and were evaluated 
with an MTT cell viability assay at 570 nm. We found that 
multiple A2E treatments at 1 µM or lower concentration did 
not produce any more cell death in cells than in the control 
cells challenged with hydroquinone alone. Consistent with 
our qualitative observations, multiple 10 µM A2E treatments 
led to cell death (Figure 4).

Our next question was whether A2E would induce 
lysosomal alkalinization in ARPE-19 cells. To answer this 
question, we used the lysosomal pH indicator dye Lyso-
Sensor Yellow/Blue DND-160 calibrated with KCL buffers 
in the range of pH 4.4 to pH 5.6. Chloroquine (CQ) and the 

vH+-ATPase inhibitor, bafilomycin-A1 (BfA), alkalinize lyso-
somal pH and were used as the controls [33,34]. In confluent 
ARPE-19 cells, adding CQ or BfA led to dose-dependent 
alkalinization of lysosomal pH (Figure 5A). These data are 
in good agreement with previously published data [35,36]. We 
found that the multiple feeding protocol of 20 nM to 10 µM 
A2E to ARPE-19 cells led to an approximate 0.05–0.25 unit 
pH increase in the lysosomes compared to the untreated 
controls (Figure 5B).

A2E accumulation leads to impaired catalytic activity of 
lysosomal enzymes: The activity of lysosomal enzymes 
has long been known to be sensitive to changes in pH [37]. 
We therefore measured the activity of two major lysosomal 
enzymes, cathepsin D and acid phosphatase, in lysosomal 
fractions isolated from cells with or without chronic A2E 
treatment and ROS challenge by quantifying fluorescent (ex 
355/em 400; Figure 6A) and colorimetric reaction products 
(405 nm), respectively (Figure 6B). As others have previously 
reported, we confirmed impairment in the specific activity 

Figure 2. Partial colocalization of 
A2E and LysoTracker fluorescence 
in A2E-fed ARPE-19 cells (60× 
magnification). A: A2E autofluo-
rescence; B: 4’,6-diamidino-2-phe-
nylindole dihydrochloride (DAPI); 
C: LysoTracker Red DND 99; and 
D: merged. Confocal microscopy 
was performed on an Olympus 
FV1000 confocal microscope with 
detection in DAPI, green (fluores-
cein isothiocyanate, FITC), and red 
(rhodamine) channels as described. 
Results shown are representative of 
two separate experiments. 
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of lysosomal enzymes (activity normalized to total protein 
concentration). However, we also observed an increase in the 
total activity of the lysosomal proteins and the protein amount 
in the lysosomal fractions in the A2E-treated cells compared 
to the controls (Figure 6A,B; see also Figure 3).

Rod outer segments challenge leads to melanization of 
A2E-accumulating ARPE-19: Melanin protects RPE cells 
from oxidative stress [38] and may affect lipofuscin accu-
mulation [39]. We found that upon challenge with ROSs (1 
× 107 ROS/ml for 6 h followed by an 18-h chase with fresh 
media), the A2E-treated cells became pigmented and that 
the pigment copurified with the lysosomal fraction (Figure 
7A). We found that the lysosomal fractions were positive for 
the presence of the lysosomal marker LAMP1 marker (not 
shown) and the premelanosomal marker PMEL17 (Figure 7B). 
Lysosomes from the A2E-treated pigmented cells contained 
more tyrosinase-related protein 1 (TYRP1), melanosomal 
5,6-dihydroxyindole-2-carboxylic acid oxidase, than the 
control cells (Figure 7B). However, we did not detect TYR 
in these lysosomal fractions. We observed for the first time 
that chronic low micromolar A2E exposure and subsequent 
ROS challenge induced melanization of ARPE-19 cells as 
determined with spectroscopy, HPLC, and MALDI-TOF 
analysis. First, MALDI-TOF mass spectrometry of lysosomal 
fractions (Figure 8) demonstrated the presence of A2E (m/z 

592 and a minor oxidation product of m/z 608, consistent 
with the identification of furan-A2E by the absorption 
spectrum [Figure 1A]). We did not detect these peaks in the 
control lysosomal fractions (data not shown). For melanin, we 
analyzed acetonitrile extracts of these fractions with MALDI-
TOF mass spectrometry. We detected melanin degradation 
products [40] with masses of m/z 441, 495, 523, 537, 551, and 
565 (Appendix 3) that were also found in synthetic melanin 
spectra (inset in Appendix 3), but without the lower m/z 
peaks of 304, 329, and 332 found in the latter. In addition, by 
collecting the absorption spectra (range 300 to 720 nm) of the 
lysosomal fractions purified from the A2E-challenged cells, 
we demonstrated the presence of A2E (λmax: approximately 
439 nm) and melanin (λmax: approximately 335 nm) [31] and 
their apparent colocalization in fractions 3 and 4 (Appendix 
4). The apparent absence of the 339 nm peak of A2E in these 
spectra is unexplained but could be due to interaction with 
melanin.

Rod outer segment degradation is not impaired in melanized 
A2E-treated ARPE-19 cells: ROSs were added to the cells 
at concentration of 1 × 107 ROS/ml for 6 h followed by an 
18-h chase with new media. Then cells were collected and 
the lysosomal fractions immediately isolated by density 
step gradient centrifugation. The lysosomal fractions were 
probed with 1D4 anti-rhodopsin monoclonal Ab. We found 

Figure 3. Presence of A2E in the 
lysosomal fraction of multiple 1 
µM A2E-treated ARPE-19 cells 
compared to untreated ARPE-19 
cells. A: A2E fluorescence (ex 485/ 
em 535) was measured in lysosomal 
fractions prepared with gradient 
ultracentrifugation. B: Lysosomal-
associated membrane protein 
1 (LAMP1) lysosomal marker 
expression in immunoblots of the 
same fractions was probed with the 
LAMP1 primary antibody. 
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that the amount of rhodopsin in the lysosomal fractions of 
the A2E-treated cells was comparable to those of the control 
cells. Therefore, these results suggest that ROS degradation 
is not impaired in A2E-treated pigmented ARPE-19 cells 
(Figure 9).

DISCUSSION

In this paper, we showed that even though chronic low-level 
administration of A2E, an important component of RPE lipo-
fuscin, led to a small increase in lysosomal pH and modest 
lysosomal impairment, normal post-confluent ARPE-19 
cells responded by giving rise to what we call “melanized 
lysosomes.” To understand the chronic effects of A2E in 
an “aging RPE” model system, we studied compensatory 
mechanisms that might counteract its adverse effects. We 
treated post-confluent differentiated ARPE-19 cells with 
low doses of A2E for several weeks to determine its effect 
on lysosomal pH levels and ROS degradation. We found that 
feeding A2E-challenged cells with ROSs led to melanization 
of cells in parallel with clearance of the ROSs by the cells. 
We discuss these results in the context of the homeostatic 
mechanisms of RPE cells in response to the normal uptake 
of A2E and other bisretinoids over a lifetime.

The role that A2E plays in the pathogenesis of macular 
dystrophies, early onset such as Stargardt disease and late 
onset such as geographic atrophy (GA) in AMD, remains 
somewhat controversial. Massive accumulation of A2E 
and other lipofuscin bisretinoids is a hallmark of Stargardt 
disease, but the precise role A2E plays in the pathobiology 
of Stargardt disease is unclear though several possible 
mechanisms have been investigated [15-17]. Increased fundus 
autofluorescence (FAF; a clinical surrogate for lipofuscin/
bisretinoid accumulation) in RPE-bordering GA lesions 
has been interpreted as supplying causality for lipofuscin/
bisretinoid toxicity in these RPE cells leading to GA [41,42]. 
However, the pathophysiological relevance of variations in 
FAF has been debated [43,44]. Meanwhile, the proposed 
role of A2E and other bisretinoids in Stargardt disease and 
GA has led to the proposal of therapies for these diseases 
focused on reducing visual cycle f lux (e.g., inhibitors of 
visual cycle enzymes including RPE65 and RDH5, reducing 
retinol delivery to the RPE) and thus reducing accumulation 
of bisretinoid components of lipofuscin. Clinical trials for 
some such compounds have been performed or are under 
way. Contrary to this view, Ablonczy and colleagues recently 
demonstrated that although A2E may accumulate in human 
peripheral RPE, similar to the mouse RPE as a whole, the 

Figure 4. Sensitivity of ARPE-19 
cells to hydroquinone oxidative 
stress in the presence of various 
concent rat ions of A2E. The 
viability of ARPE-19 cells treated 
with 50–500 µM hydroquinone 
(HQ) in the presence of 0, 20 
nM, 1 µM, or 10 µM A2E for 16 
h, followed by 24 h recovery, was 
measured with 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) cell viability assay. 
n = 3 for each condition. 
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accumulation does not appear to correlate with the increase 
in lipofuscin in the aging human macular RPE. These authors 
suggest that other compounds may be responsible [23,24].

In contrast to the more or less rapid, putatively toxic, 
accumulation of lipofuscin/bisretinoids implicated in Star-
gardt disease, slower physiologic accumulation occurs in 
normal aging of the RPE [45]. That high concentrations of 

Figure 5. Alkal in izat ion of 
ARPE-19 lysosomes by chronic 
treatment with A2E. A: Bafilo-
mycin-A1 (BfA; 500 nM) and chlo-
roquine (CQ; 1 and 100 µM) posi-
tive controls caused a large increase 
in lysosome pH from approximately 
1 pH unit to approximately 2.6 pH 
units. B: Chronic treatment of 
ARPE-19 cells with A2E led to a 
moderate increase in lysosomal pH. 
Lysosomal pH was measured using 
LysoSensor DND160 calibrated 
against the control cells treated 
with KCl buffered at values from 
pH 4.4 to 6.0 in the presence of 
monensin and nigericin. n = 3 for 
each experimental condition. 
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A2E, a major component of the bisretinoids of lipofuscin, 
transported to RPE lysosomes in vitro can inhibit lysosomal 
degradative function are well described in the literature 
[16,20]. The A2E-induced increase in the lysosomal pH 
and inhibition of the lysosomal proton pump [17], and 
slowing of cholesterol efflux from lysosomes [46], has been 
demonstrated. Since A2E is a quaternary amine, it cannot 

bind protons and thus directly affect pH [1]; however, as a 
cationic detergent, A2E could disrupt the integrity of lyso-
somal membranes [1]. A recent study demonstrated that 
indeed A2E has the capacity to cause leakage of lysosomal 
membranes, which could contribute to lysosomal pH changes 
[19]. In contrast, restoration of lysosomal pH in RPE cells 
from Abca4−/− mice led to the recovery of lysosomal function 

Figure 6. Lysosomal enzyme 
activities of A2E-treated ARPE-19 
cells challenged with rod outer 
segments. A: Cathepsin D activity 
of the ARPE-19 lysosomal frac-
tion prepared from control and 
multiple 1 µM A2E-treated cells 
fed with rod outer segments 
(ROSs). Enzyme activity was 
measured with the Sensolyte 390 
kit (n = 4 for each experimental 
condition). B: Acid phosphatase 
activity of the ARPE-19 lysosomal 
fraction prepared from control and 
multiple 1 µM A2E-treated cells 
fed with ROSs. Enzyme activity 
was measured with the standard 
p-nitrophenyl phosphate (PNPP) 
assay (n = 4 for each experimental 
condition). 
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[21]. The potentially toxic effects of A2E accumulation are 
delineated for high A2E concentrations in the mouse model of 
recessive Stargardt macular degeneration [47], but the degree 
of A2E’s toxicity to RPE cells in vitro at low micromolar 
concentrations varies, ranging from DNA protective effects 
[48] to mitochondrial damage and apoptosis [49]. We believe 
that such a discrepancy in effects could be partially explained 
by the differences in the state of the cell, delivery of A2E, and 
variability in compensatory effects of cells. In this paper, we 
sought to simulate physiologic chronic low exposure of differ-
entiated ARPE-19 cells with A2E and ROSs. Surprisingly, we 
found that the post-confluent differentiated ARPE-19 cells 
responded to A2E administration by inducing melanization 
and producing lysosomes containing melanin. Although most 
melanosomes, including those of the RPE, arise prenatally in 
development, some degree of processing occurs postnatally, 

along with loss of melanosomes due to aging [50]. Whether 
our correlation of melanin with lysosomes in these experi-
ments coincides with the “melanolysosomes” described by 
Feeney in the aging RPE is not clear [51]. Feeney suggested 
that melanin in these bodies is undergoing “remodeling” and/
or “degradation.” In contrast, we observed apparent de novo 
biosynthesis of melanin. We observed the strong presence 
of LAMP1, PMEL17, and TYRP1 markers in our lysosomal 
fractions that correspond to stage II or stage III premelana-
somes [52]. PMEL17 is mostly involved in eumelanin produc-
tion [53]. Melanosomes are categorized as lysosome-related 
organelles derived from early endosomes, which also give 
rise to the precursors of lysosomes [54], and melanosomes 
have been shown to contain many lysosomal hydrolases 
[55]. The close functional relationship of melanosomes and 
lysosomes in the RPE has been addressed (for review, see 

Fig u re 7.  Melan izat ion of 
A2E-treated ARPE-19 cells. A: 
Isolated lysosome preparations 
from the untreated control (left) and 
multiple 1 µM A2E-treated cells 
(right) show brown melanin pigment 
in the A2E-treated cells and not 
in the control cells. B: Increased 
expression of tyrosinase-related 
protein 1 (TYRP1) but not preme-
lanosome protein 17 (PMEL17) 
was detected in immunoblots of 
isolated lysosomal fractions from 
sub-cellular fractionation of control 
(C) and multiple 1 µM A2E-treated 
(A2E)-treated ARPE-19 cells by 
density gradient ultracentrifuga-
tion, probed with anti-TYRP1 and 
anti-PMEL17 primary antibodies. 
Results shown are representative of 
three separate experiments. 
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[56]). Quinolines such as chloroquine that cause lysosomal 
swelling [33] also affect RPE melanosomes [57]. Melano-
regulin (MREG), a protein that regulates pigmentation, also 
modulates lysosome function and lysosome maturation in 
the RPE [58]. Melanin-containing cells accumulate less lipo-
fuscin than albino or poorly pigmented cells [39]. This may be 

due to melanin’s ability to scavenge reactive oxygen species 
[25]. The melanized cells in our experiments degraded OSs 
as well as ARPE-19 cells that had not been treated with A2E.

We confirmed here that a major effect of chronic low 
micromolar A2E exposure is alkalinization of lysosomes 

Figure 8. A2E is present in 
ARPE-19 lysosomal fractions. 
Matrix-assisted laser desorption-
ionization time-of-flight (MALDI-
TOF) mass spectrometric analysis 
of lysosomal fraction 8 (see Figure 
7A) isolated from multiple 1 µM 
A2E-treated ARPE-19 cells show 
the presence of A2E (m/z 592) and 
a minor oxidation product (m/z 608) 
consistent with furan-A2E. Results 
shown are representative of three 
separate experiments. 

Figure 9. Degradation of rod outer 
segments is not impaired in mela-
nized 1 µM A2E-treated ARPE-19 
cells. Immunoblots of lysosomal 
fractions of melanized multiple 1 
µM A2E-treated ARPE-19 cells 

challenged with rod outer segments (ROSs) were probed with anti-rhodopsin D4 monoclonal antibody and Cy3-conjugated goat anti-mouse 
ECplex fluorescent antibody (1:2,500, Amersham Biosciences, Piscataway, NJ). Processed blots were scanned in a Typhoon 9410 scanner 
(Amersham Biosciences). Results shown are representative of three separate experiments. 
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(0.05–0.25 unit pH increase). This was a similar but less 
pronounced effect than that previously seen by Liu et al. 
(increase of 0.5 unit from pH 4.5 to 5.0) in chronic exposure 
of less mature (1–2 weeks post-confluence) ARPE-19 cells to 
moderate levels of A2E (14 nM, twice per week for 4 weeks) 
[21]. We suggest that maintaining ARPE-19 cells for longer 
post-confluence before experiments allows them to become 
more resistant to the lysosome-alkalinizing effect of A2E, 
perhaps due to greater differentiation. Alkalinization of lyso-
somes is well-known to lead to lysosomal function impair-
ment but leads to induction of melanogenesis in the melano-
somes of melanocytes [59]. Agent H89, a pharmacological 
inhibitor of protein kinase A, which prevents alkalinization 
of melanosomes, also completely blocks melanin synthesis 
in melanocytes [59]. However, RPE melanosomes protect 
ARPE-19 cells from oxidative stress [38], and exogenous 
melanin/melanosomes protect A2E from photooxidation 
inside RPE cells [25]. Our results also suggest a protective 
effect on ARPE-19 lysosomes when pigment was induced by 
A2E. The detrimental effect of micromolar amounts of A2E 
on retinal microglia was recently documented and coincided 
with increased microglial activation and decreased microg-
lial neuroprotection of photoreceptors [60]. Although RPE 
cells might be able to compensate for low-level chronic A2E 
accumulation, retinal microglia could be more sensitive to 
A2E toxicity and thus may provide a cellular mechanism for 
the pathogenesis of age-related macular degeneration. Taking 
these observations together, we propose that A2E-induced 
alkalinization of lysosomes could serve a physiologic role 
in maintaining melanin pigmentation of RPE cells. This 
is consistent with observations in melanocytes that the 
pH optimum of TYR is at 7.4 [61] and that the later steps 
in eumelanogenesis after dopachrome are also optimal at 
neutral pH [62]. It is also consistent with pathophysiological 
findings in Abca4 null mice in which melanin-related 790 
nm autofluorescence increased in parallel with A2E-related 
488 nm autofluorescence from 1 to 6 months of age [63]. In 
future studies, we plan to dissect the molecular mechanisms 
involved in these fundamental aspects of RPE biology.

APPENDIX 1. STR GENOTYPE AND 
AMELOGENIN GENDER-DETERMINING LOCUS 
OF ARPE-19 CELL BATCH USED.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. UPTAKE OF A2E BY ARPE-19 
CELLS.

Uptake of A2E in the 100 nM-10 µM range was linear in 
both single and multiple treatment experiments. Data was 
calculated from area under the curve of A2E peaks detected 
at 430 nm in reversed phase HPLC analyses of extracts of 
cells single-fed or multiple-fed 10 µM, 1 µM and 100 nM 
A2E delivered in DMSO. To access the data, click or select 
the words “Appendix 2.”

APPENDIX 3. MASS SPECTROMETRIC 
ANALYSIS OF MELANIN.

Acetonitrile extracts of lysosomal fractions and synthetic 
melanin were analyzed using MALDI-TOF mass spectrom-
etry. A: Lysosomal fractions isolated from multiple 1 µM 
A2E-treated ARPE-19 cells; B: Synthetic melanin standard. 
M/z peaks of 441, 495, 523, 537, 551, 565 were common 
between ARPE-19 lysosomal extracts and synthetic melanin 
spectra (see inset box in panel B for expansion of synthetic 
melanin masses between m/z 405 and 602), but the lower 
m/z peaks of 304, 329 and 332 found in synthetic melanin 
were not. Results shown are representative of three separate 
experiments. To access the data, click or select the words 
“Appendix 3.”

APPENDIX 4. APPARENT CO-LOCALIZATION 
OF A2E AND MELANIN IN ARPE-19 LYSOSOMAL 
FRACTIONS.

UV-Vis spectra (range 300–720 nm) of lysosomal fractions 
1–5 isolated from multiple 1 µM A2E-treated cells showing 
co-localization of A2E (λmax=439 nm) and melanin (λmax=335 
nm) in fractions 3 and 4. To access the data, click or select 
the words “Appendix 4.”
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