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Oxidative Stress Increases HO-1 Expression in ARPE-19
Cells, But Melanosomes Suppress the Increase When Light
Is the Stressor
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PURPOSE. Phagocytized melanosomes in ARPE-19 cells were
previously shown to decrease susceptibility to oxidative stress
induced by hydrogen peroxide treatment and increase stress
due to light irradiation relative to cells containing control black
latex beads. Here we asked whether differential expression of
antioxidant enzymes in cells containing pigment granules
could explain the outcomes.

METHODS. ARPE-19 cells were loaded by phagocytosis with
porcine RPE melanosomes or black latex beads (control
particles). Heme oxygenase-1 (HO-1), HO-2, glutathione
peroxidase (GPx), and catalase were quantified by Western
blot analysis before and after treatment with sublethal
hydrogen peroxide or blue light (400–450 nm). The stress
was confirmed as sublethal by cell survival analysis using real-
time quantification of propidium iodide fluorescence.

RESULTS. Phagocytosis itself produced transient changes in
protein levels of some antioxidant enzymes, but steady-state
levels (7 days after phagocytosis) did not differ in cells
containing melanosomes versus beads. Sublethal stress, in-
duced by either hydrogen peroxide or light, had no effect on
catalase or HO-2 in either particle-free or particle-loaded cells.
In contrast, HO-1 protein was upregulated by treatment with
both hydrogen peroxide and light. Particle content did not
affect the HO-1 increase induced by hydrogen peroxide, but
the increase induced by blue light irradiation was partially
blocked in cells containing black beads and blocked even more
in cells containing melanosomes.

CONCLUSIONS. The results do not implicate differential antiox-
idant enzyme levels in stress protection by melanosomes
against hydrogen peroxide, but they suggest a multifaceted role

for melanosomes in regulating light stress susceptibility in RPE
cells. (Invest Ophthalmol Vis Sci. 2013;54:47–56) DOI:
10.1167/iovs.12-11153

Phagocytized porcine melanosomes were previously shown
to protect ARPE-19 cells from oxidative stress induced by

treatment with H2O2.1 Phagocytized latex beads, used as a
phagocytosis control in the oxidative stress experiments, also
conferred a detectable but smaller cytoprotection. To investi-
gate the mechanism underlying the protective effect conferred
by melanosomes, subsequent studies were performed to ask
whether iron binding by melanin pigments could contribute.2

The rationale for this question came from observations on the
pigment melanin made in model systems, which show that
melanin is competent to bind divalent metal ions, including
iron.3–8 Theoretically, therefore, pigment granules could
reduce iron’s availability to act as a cofactor in the Fenton
reaction that generates the highly reactive hydroxyl radical
from H2O2.9 To perform this function, pigment granules inside
cells must retain the capacity to bind iron, a property that was
recently demonstrated.2

Although melanosomes phagocytized by ARPE-19 cells are
competent to bind iron, it is unclear whether this property
plays a direct role in cytoprotection against H2O2-induced
stress because granules loaded with different levels of bound
iron produced similar outcomes in oxidative stress assays.2

Iron-loaded melanosomes nonetheless had an interesting
secondary effect: they induced increased levels of the iron
storage protein ferritin, which was used as a reporter for iron
release into the cytosol.10–13 This observation not only implies
a broader role for pigment granules in regulating cellular iron
homeostasis, but it also raises the possibility that cells
containing pigment granules may differ in expression levels
of other iron-sensitive proteins aside from ferritin. Of possible
importance to understanding how pigment granules may
protect against H2O2-induced stress is the antioxidant enzyme
heme oxygenase-1 (HO-1). Like the gene for ferritin,14–17 the
HO-1 gene contains iron-responsive elements, making HO-1
expression iron sensitive.18–21 HO-1 expression is also sensitive
to H2O2,22–27 and H2O2 may be generated during phagocyto-
sis,28–32 raising the possibility that cells that had recently
phagocytized particles may have higher levels of HO-1. Further,
HO-1 can protect cells against H2O2-induced stress.25,33–36

Taken together, these observations suggest that ARPE-19 cells
containing phagocytized melanosomes may differ in H2O2-
induced stress susceptibility in part because of differences in
expression levels of antioxidant enzymes, notably HO-1.

Here we compared ARPE-19 cells containing phagocytized
melanosomes or control particles (latex beads) to address
questions relating to hydrogen peroxide–induced stress and
the effect of melanosomes on protein expression of antioxi-
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dant enzymes, focusing on HO-1. Also analyzed were catalase
and glutathione peroxidase-1 (GPx-1), enzymes that are highly
expressed in the RPE37–39 and known to be upregulated
by38,40,41 or to protect against42,43 exposure to hydrogen
peroxide or to sublethal blue light. Blue light was also used as a
source of stress because light stress is highly relevant for the
RPE44–46 and melanosomes are believed to play a role in
determining susceptibility to photic damage. The role is
complex, however, and could include exacerbating photo-
damage due to melanin’s ability to photo-generate potentially
damaging species, including hydrogen peroxide.10,47,48 We
previously observed a small increase, rather than the expected
decrease, in light-induced cytotoxicity in ARPE-19 cells
containing phagocytized melanosomes when compared with
cells containing black latex beads, which have a similar ability
to act as an optical screen.10 We attributed the higher
cytotoxicity in cells containing melanosomes to the photo-
reactive properties of the melanin pigment. Here we asked
whether differences in protective antioxidant enzymes in cells
containing melanosomes versus beads could also contribute to
the differential photic stress susceptibility.

The outcomes of our work show transient increases after
particle phagocytosis in some enzyme proteins, notably HO-1,
and the increases were particle specific, greater for melano-
somes than for beads. Treatment with hydrogen peroxide also
induced increases in HO-1 in cells containing particles; the
increases were particle specific in that cells containing
melanosomes exhibited greater survival than those with beads
and were therefore competent to upregulate HO-1 at higher
concentrations of the oxidant. The most provocative outcome,
however, was for sublethal blue light stress. Light exposure
increased HO-1 and GPx, but in cells containing particles,
especially melanosomes, the increases were blocked. This
observation suggests that the protection against light stress
resulting from the ability of pigment granules to optically
screen may have a competing negative effect: blocking the
light-induced upregulation of other stress-protective mecha-
nisms, such as antioxidant enzymes.

MATERIALS AND METHODS

Cell Cultures

Cells from the human RPE line ARPE-19 (American Type Culture

Collection, Rockville, MD) were maintained with twice-weekly

feedings with minimal essential medium (MEM) containing 10% fetal

bovine serum (FBS) and antibiotics (penicillin 50 U/mL, streptomycin

50 U/mL, amphotericin B 2.5 lg/mL, and gentamicin 50 lg/mL; Gibco,

Grand Island, NY). For experiments, cells were plated in 96-well plates

at a density of 1 3 105 cells/cm2 and maintained for various intervals

before phagocytosis and stress induction as described below.

Particle Phagocytosis

For phagocytosis, confluent ARPE-19 cultures at 7 days after plating

were fed black latex beads (l lm, Molecular Probes, Eugene, OR) or

porcine melanosomes isolated as previously described.41 Particles of

both types were delivered to cultures in complete culture medium

(MEM with FBS) using 7.5 3 107 particles per cm2 of culture substrate.

Particle uptake proceeded for 24 hours, followed by re-feeding with

fresh medium as previously described.1 Seven days after phagocytosis,

cell counts using a Burker chamber (Danlab, Helsinki, Finland) were

performed on triplicate culture wells lacking particles or containing

either phagocytized latex beads or melanosomes. Data were expressed

as the mean cell density per cm2 of culture substrate. Three

independent experiments were performed.

Oxidative Stress Induction and Cell Survival
Analysis

Oxidative stress was induced by either oxidant treatment or blue light

irradiation using ARPE-19 cultures 7 days after particle uptake using

previously described protocols.2 For oxidant-induced stress, cultures

were treated with a range of concentrations of freshly prepared H2O2

(0–400 lM) in Hank’s balanced salt solution with calcium and

magnesium ions (Invitrogen, Carlsbad, CA) using the pulse delivery

method that was previously described.1 For light-induced stress, cultures

in complete culture medium were irradiated for intervals to 60 minutes

by published methods46 using a ThermoOriel Solar Simulator (Pittsfield,

MA) outfitted with a 1000-W xenon lamp (Newport Corporation,

Stratford, CT), a 300- to 450-nm dichroic mirror (Newport), and an

additional ultraviolet cutoff filter (390 nm; Newport).

To quantify cell survival after H2O2 treatment, a previously

described real-time assay was used.1 Briefly, the fluorescent dye

propidium iodide (PI; final concentration 100 lM) was added to

culture medium at the time of oxidant addition, and PI fluorescence

(555/617 nm excitation/emission) was measured at 10-minute intervals

over 24 hours using a Biotek Synergy H4 plate reader (ThermoScien-

tific, Palo Alto, CA). Triplicate culture wells were used for each oxidant

concentration and all experimental groups were in the same culture

plate. PI fluorescence intensity (in arbitrary units) was plotted versus

time. Time of cell death onset and slopes of lines in the linear portions

of the curves showing cell death rates were compared and analyzed for

statistical significance using Graph Pad Prism 5 slope analysis (Graph-

Pad Software, Inc., La Jolla, CA).

Cell survival following blue light treatment was quantified by the

same assay as for H2O2 treatment by adding PI to the culture medium

immediately after light irradiation followed by quantification of

fluorescence over 24 hours. Additionally, light-treated cultures were

examined by microscopy and paired fluorescence-phase images were

captured of the living cultures at 24 hours using an inverted

fluorescence microscope to visualize PI-positive nuclei.

Western Blotting for Antioxidant Enzyme Proteins

For Western blot analysis of antioxidant proteins, extracts of ARPE-19

cultures were collected directly in SDS-containing electrophoresis

buffer supplemented with protease inhibitors by published protocols.3

Protein was quantified by the Bradford dye method (Bio-Rad

Laboratories, Hercules, CA) and protein-equivalent samples from

replicate cultures were loaded onto gels and separated by electropho-

resis under reducing conditions using 15% SDS separating gels.

Proteins were electroblotted and probed with the following primary

antibodies: rabbit polyclonal antibodies to HO-1 (1:2000 dilution) or

HO-2 (1:1000 dilution), both from Enzo Life Science (New York, NY);

mouse polyclonal antibody to GPx (1:8000 dilution) or rabbit

polyclonal antibody to catalase (1:10,000 dilution), both from Abcam

(Cambridge, MA). Bands were visualized using LI-COR secondary

antibodies and quantified by densitometry using the LI-COR Odyssey

Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).

RESULTS

Effects of Time in Culture and Phagocytosis on
Antioxidant Enzymes in ARPE-19 Cells

The protective effect of phagocytized melanosomes in ARPE-19
cells subjected to H2O2 treatment was previously shown using
cultures at several times after plating between 1 and 5 days.1

Here, in experiments to determine whether melanosome
content and oxidative stress affected antioxidant enzyme
protein expression, we sought to use consistent culture timing
with the intent of maximizing our ability to detect small
expression differences. Preliminary experiments were there-
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fore conducted using quantitative densitometry of Western
blots of samples from particle-free ARPE-19 cells to determine
whether time postplating affected enzyme protein levels (Fig.
1). HO-1, HO-2, and catalase protein did not differ with time in
culture; 1 and 7 days postplating are shown (Figs. 1A–C).
However, GPx showed a time-dependent increase to 7 days
(Fig. 1D) and plateauing thereafter (not shown). For subse-
quent experiments involving introduction of particles by
phagocytosis, cultures at 7 days postplating were therefore
used, a time when steady-state levels of enzyme proteins had
been achieved.

To determine whether the process of particle phagocytosis
affected antioxidant enzyme protein levels in ARPE-19 cells,
cultures were given either control black latex beads or
melanosomes for phagocytic uptake at 7 days postplating and
extracts of cells without or with internalized particles were
analyzed by Western blot analysis 24 hours later (Fig. 2).
Phagocytosis did not affect protein levels of HO-2 (Fig. 2B) or
catalase (Fig. 2C). However, phagocytosis induced increases in
HO-1 (Fig. 2A) and GPx (Fig. 2D), and the increases differed
with type of particle ingested: enzyme protein levels were
consistently higher in cells that had internalized melanosomes
as compared to latex beads. The differences in HO-1 and GPx
protein following uptake of melanosomes versus beads were
transient. By 7 days after phagocytosis, enzyme protein levels

did not differ with particle type (Fig. 3), indicating that the
presence of melanosomes within ARPE-19 cells did not
produce a constitutively different antioxidant enzyme protein
expression pattern as compared with particle-free cells or cells
containing nonbiologic particles (latex beads).

Hydrogen Peroxide–Induced Stress and
Antioxidant Enzyme Proteins in ARPE-19 Cells
Containing Phagocytized Particles

Because phagocytosis produces a particle-specific but transient
difference in levels of some antioxidant enzymes, the early
post-phagocytosis interval was avoided in experiments to
determine whether melanosomes have a granule-specific effect
on antioxidant enzyme content in ARPE-19 cells subjected
H2O2-induced stress. Experiments involving H2O2 treatment
were therefore performed 7 days after particle uptake (14 days
postplating) when baseline levels of enzymes were similar in
cells regardless of particle content. Cultures of cells with no
particles were not used as a control in these stress protocols
because cell counts indicated that at 7 days post phagocytosis,
cultures lacking phagocytized particles achieve a higher cell
density (3.9 3 105 6 0.37 cells/cm2) than cultures containing
either latex beads (2.7 3 105 6 0.27 cells/cm2) or melano-
somes (2.6 3 105 6 0.28 cells/cm2), which do not differ from

FIGURE 1. Antioxidant enzyme proteins as a function of time postplating. Densitometric analysis of Western blots for (A) HO-1, (B) HO-2, (C)
catalase, or (D) GPx in extracts of ARPE-19 cells prepared on days 1 or 7 postplating. For GPx, extracts were also prepared on day 3. Data are the
mean band densities (error bars indicate SD), from triplicate cultures within a representative experiment, expressed in arbitrary units (a.u.) and
shown as a percentage of the band density from day 1 cultures. For GPx, outcomes for days 3 and 7 differ from those for day 1 (asterisks; t-test
analysis, P < 0.001).

FIGURE 2. Antioxidant enzyme proteins after phagocytosis. Densitometric analysis of Western blots for (A) HO-1, (B) HO-2, (C) catalase, or (D) GPx
in extracts of ARPE-19 cells prepared 24 hours after the onset of phagocytosis of black latex beads (lx, hatched bars) or melanosomes (ms, black

bars). Data are the mean band densities (error bars indicate SD) from triplicate cultures within a representative experiment, expressed in a.u. and
shown as a percentage of the band density from paired control cultures that did not undergo phagocytosis (-, open bars). Single asterisks indicate
significantly higher than control cultures; double asterisks indicate ms higher than lx (t-test analysis, P < 0.05).
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one another (data are the mean 6 SDs of triplicate culture
wells per group in a representative experiment). Because RPE
cell density is a known determinant of susceptibility to lethal
stress,49–51 cells with no particles were not used in analyses
involving H2O2-induced oxidative stress; cells containing
melanosomes were compared with control cultures of cells
containing latex beads.

The intent of the experiments involving H2O2-induced
oxidative stress was to determine whether differential upregu-
lation of antioxidant enzymes could be a contributing
mechanism to the previously observed stress protection
conferred by melanosomes.2 Experiments were therefore
performed to confirm that stress protection persisted at the
later time-in-culture interval (7 days post phagocytosis). Using
kinetic analysis of PI fluorescence following H2O2 treatment,
stress protection of ARPE-19 cells by phagocytized melano-
somes relative to beads was confirmed (Fig. 4). Consistent with
our previous observations,2 H2O2 concentrations at the
borderline of lethality (0.2 mM H2O2 in the experiment shown
[Fig. 4A]), produced a detectably greater rate of cell death for

cells containing beads as compared to melanosomes. Higher
concentrations (0.4 mM) produced very rapid cell death in
bead-containing cells, whereas cells containing melanosomes
were largely spared (Fig. 4B). At the higher oxidant dose (0.4
mM), the time of onset of cell death was earlier for cells
containing beads (4.5 hours) than melanosomes (7.0 hours),
and the slope of the lines thereafter describing the rate of cell
death also differed with particle content. Time of cell death
onset and slope of the line describing rate of death were
previously shown to be sensitive measures of cytotoxicity
using this real-time assay.1

Extracts were prepared for Western blot analysis of the
oxidant-treated cultures shown in Figure 4 to determine
whether there were differential affects on antioxidant enzyme
levels in cells containing melanosomes versus beads (Fig. 5).
H2O2 treatment of ARPE-19 cells did not affect levels of HO-2,
catalase, or GPx, regardless of oxidant dose or content of
internalized particles (Figs. 5B–D). Consistent with previous
reports,22 H2O2 treatment did increase levels of HO-1 (Fig. 5A);
however, there was no differential increase between cultures

FIGURE 3. Constitutive levels of antioxidant proteins in cells lacking particles or containing phagocytized latex beads or melanosomes.
Densitometric analysis of Western blots for (A) HO-1, (B) HO-2, (C) catalase, or (D) GPx in extracts of ARPE-19 cells prepared 7 days after the onset
of phagocytosis of black latex beads (lx, hatched bars) or melanosomes (ms, black bars), and cells that did not undergo phagocytosis and therefore
contain no particles (-, open bars). Data are the mean band densities (error bars indicate SD), from triplicate cultures within a representative
experiment, expressed in a.u. with the results for the lx and ms groups shown as a percentage of the control cultures that did not undergo
phagocytosis (-). For all enzymes, results did not differ with type of ingested particle (t-test analysis).

FIGURE 4. Dynamic analysis of PI fluorescence in cells containing phagocytized particles and treated with hydrogen peroxide. ARPE-19 cells were
exposed to a single dose of hydrogen peroxide at concentrations of (A) 0.2 mM or (B) 0.4 mM. PI fluorescence, expressed in a.u., was quantified at
10-minute intervals over 24 hours in triplicate wells of ARPE-19 cultures containing phagocytized black latex beads (lx, triangles) or melanosomes
(ms, black circles). For the 0.2-mM treatment in (A), the inset shows an expanded y-axis scale bar to illustrate that the curves differ. Mean slopes of
lines showing rates of cell death, determined as previously described,1 were 37.5 6 1.6 (lx) and 16.6 6 1.5 (ms) for 0.2 mM H2O2, or 566.0 6 81.7
(lx) and 127.0 6 6.1(ms) for 0.4 mM H2O2. Slopes differed significantly between particle groups at both oxidant concentrations (Graph Pad Prism 5
slope analysis, P < 0.0001).
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containing melanosomes as compared with beads in cultures
treated with low oxidant doses. At a concentration of 0.2 mM
H2O2, which produced little cell death (Fig. 4A), increases in
HO-1 in treated cells containing beads and melanosomes were

similar. At the higher oxidant dose (0.4 mM), HO-1 levels were
sustained in the melanosome-containing cells but reduced in
cells containing beads, likely due to the markedly reduced cell
survival in the bead-loaded cells (Fig. 4B).

FIGURE 5. Antioxidant enzyme proteins in cells containing phagocytized particles and treated with hydrogen peroxide. Densitometric analysis of
Western blots for (A) HO-1, (B) HO-2, (C) catalase, or (D) GPx in extracts of ARPE-19 cells preloaded by phagocytosis with control black latex beads
(lx, hatched bars) or melanosomes (ms, black bars) and either untreated (0) or treated with 0.2 or 0.4 mM H2O2 as described for Figure 4. Extracts
were prepared 24 hours after the onset of H2O2 treatment. Data are the mean band densities (error bars indicate SD) from triplicate cultures within
a representative experiment, expressed in a.u., with the results for the ms group shown as a percentage of the lx group for each H2O2 treatment.
The two particle groups differ significantly at the higher concentration of H2O2 for HO-1 and GPx (t-test analyses, P < 0.02). (E) Blot used for
densitometry to illustrate that the same lanes were used for all enzyme proteins; the blot was cut to probe for individual proteins. The outer lanes

show molecular mass markers.
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Blue Light–Induced Stress and Antioxidant Enzyme
Proteins in ARPE-19 Cells Containing Phagocytized
Particles

As for experiments evaluating H2O2-induced stress, ARPE-19
cells at 7 days after particle phagocytosis were subjected to
sublethal blue light irradiation to determine whether photic
stress triggers changes in antioxidant enzyme levels and
whether cells containing melanosomes differ from those
containing beads. Kinetic analysis of PI fluorescence after
irradiation confirmed that light treatment for 60 minutes was
sublethal (Fig. 6); cell death over 24 hours postirradiation was
minimal and did not differ for cells lacking particles (Fig. 6A),
or containing phagocytized beads (Fig. 6B) or melanosomes
(Fig. 6C).

Initial experiments were performed to probe the effects of
sublethal light stress on antioxidant enzyme proteins in control,
particle-free ARPE-19 cultures. Light stress produced no changes
in HO-2 or catalase, but induced increases in both HO-1 and GPx
(Fig. 7). For the latter two enzymes, increases in protein levels
were shown to be light-dose dependent (Figs. 7A, 7D).

ARPE-19 cultures preloaded by phagocytosis with melano-
somes or black latex beads were then subjected to photic
stress using 60 minutes of irradiation followed by Western blot
analysis for antioxidant enzyme proteins (Fig. 8). As for
particle-free cells (Fig. 7), cells containing particles of either
type showed no irradiation-induced change in the amounts of
HO-2 (Fig. 8B) or catalase (Fig. 8C). In contrast, the blue light–
induced increase in HO-1 protein found in particle-free cells

was suppressed in cells containing control black latex beads,
and suppressed even further in cells containing phagocytized
melanosomes (Fig. 8A). A similar particle-specific suppression
effect was seen for the light-induced increase in GPx protein,
and for this enzyme, the amounts after light treatment in cells
containing melanosomes fell below levels in nonirradiated cells
(Fig. 8D).

DISCUSSION

We previously showed that phagocytized melanosomes in
ARPE-19 cells decrease the cytotoxic effects of oxidative stress
induced by treatment with H2O2

1 and slightly increase the
cytotoxic effects of stress induced by light treatment46 when
compared with cells containing control phagocytized black
latex beads. The mechanisms underlying these observations
have not been established. Here we asked whether the
presence of melanosomes within ARPE-19 cells differentially
modulates levels of antioxidant enzymes that contribute to
stress protection, especially HO-1. After controlling for the
transient effects of phagocytosis itself on antioxidant enzyme
protein expression, melanosomes were not shown to differen-
tially modulate antioxidant enzymes in a way that could
explain cytoprotection against oxidant-induced stress. Howev-
er, melanosomes did modulate protein levels of HO-1 and GPx
after photic stress in a direction that would predict greater
toxicity; melanosomes suppressed the light-induced upregula-
tion of the antioxidant enzymes to a greater extent than could
be explained only by the pigment’s ability to act as an optical

FIGURE 6. Dynamic analysis of PI fluorescence in cells treated with sublethal blue light. ARPE-19 cells lacking particles (A; open circles) or
containing phagocytized latex beads (B; triangles) or melanosomes (C; solid circles) were either untreated (black symbols) or blue light irradiated
for 60 minutes (blue symbols) as described in the Methods section. PI fluorescence, expressed in a.u., was then quantified at 10-minute intervals
over 24 hours in triplicate culture wells. Curves indicate no significant cell death on irradiation and no differences between no-light cultures and
þlight cultures for any particle group. The lower panels show images of cultures at the end of the experiment (24 hours) showing rare PI-positive
nuclei (arrows). Scale bar: 20 lm.
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screen. This observation illustrates the complexity of the role
that melanosomes may play in regulating RPE susceptibility to
oxidative stress, especially stress induced by light.

To generate an assay system that would detect what we
predicted would be a small modulatory effect of phagocytized
granules on antioxidant enzymes in ARPE-19 cells, we
conducted multiple preliminary experiments to establish
consistent baseline levels of the enzymes in the cultures. This
led to the observation that time in culture affects protein
expression of GPx, but not the other enzymes examined here.
GPx has been studied in the past in ARPE-19 cells,37,42 but a
dependence of enzyme levels on time postconfluency has not
been reported. The observation here emphasizes the impor-
tance of controlling culture conditions when evaluating
antioxidant enzymes and stress susceptibility in ARPE-19 cells,
and perhaps in other RPE cell culture models as well.

Because melanosomes and control particles (latex beads)
were introduced into ARPE-19 cells by phagocytosis, the effects
of particle uptake on antioxidant enzyme proteins were also
evaluated. Our intent was to control for the effects of
phagocytosis, but the observation that particle uptake, both
of melanosomes and of beads, induced a transient upregulation
of HO-1and GPx may have biological relevance for the RPE in
situ. A major ongoing function of the RPE within eyes is the
phagocytosis of photoreceptor outer segments in the process of
photoreceptor renewal.52,53 Given the high oxidative stress

environment in which the RPE resides,2,54 including the
potential for stress induced by internalization of peroxidized
outer segment membranes,53,55 upregulation of antioxidant
enzymes on phagocytosis could have protective benefits for the
tissue. The mediators of the phagocytosis-induced upregulation
observed here have not been established, but H2O2 is one
possible candidate. H2O2 is reportedly produced during
phagocytosis,28–30 and H2O2 is known to induce increased
HO-122–27; this mechanism could therefore help explain
increases in HO-1 following uptake of both types of particles.
However, melanosome uptake induced greater increases in HO-
1 than uptake of beads, which implies additional properties of
the biological granule. One relevant property of melanosomes is
iron binding and release. We previously observed that
phagocytosis of melanosomes by ARPE-19 cells produces an
upregulation of the protein ferritin that was in proportion to the
iron content of the granules.2 We interpreted this outcome to
indicate that release of iron from phagocytized granules into the
cytosol could trigger upregulation of the iron-sensitive protein
ferritin.2 Because HO-1 production is also iron sensitive,18 iron
release from melanosomes could also underlie increases in this
antioxidant enzyme after granule internalization.

Although phagocytosis could induce transient upregulation
of some antioxidant enzymes in ARPE-19 cells, sustained higher
levels of protective enzymes were not found in cells containing
melanosomes as compared with beads that could explain the

FIGURE 7. Antioxidant enzyme protein in cells treated with sublethal blue light. Densitometric analysis of Western blots for (A) HO-1, (B) HO-2, (C)
catalase, or (D) GPx in extracts of ARPE-19 cells that were either untreated (no light, black bars) or blue light treated (þlight, blue bars) for 60
minutes as for Figure 6. Blue light treatment for intermediate time points (15 and 30 minutes) was also performed to blot for HO-1 and GPx. Extracts
were prepared at 24 hours after irradiation. Data are the means (error bars indicate SD) of three replicate cultures with the band density expressed
in a.u. and shown as a percentage of the band density in extracts from nonirradiated controls. Single asterisks indicate significant differences for
þlight cultures relative to the paired no-light cultures (t-test analyses, P < 0.05).
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greater resistance of melanosome-containing cells to subse-
quent H2O2-induced stress.2 Similarly, changes in antioxidant
enzyme levels following H2O2 treatment did not differ with
particle type. Sublethal H2O2 treatment is known to induce
increases in HO-122,56 and decreases in GPx,57 outcomes that
were also obtained here for ARPE-19 cells containing phago-
cytized particles of both types. Only when doses of oxidant
were high enough to produce differential cell death did
melanosome-containing cells appear to have higher HO-1 than
cells containing beads. However, the higher levels were likely a

consequence of greater survival rather than a contributing
cause of the stress protection conferred by melanosomes.

As for oxidant-induced stress, stress induced by light
irradiation is also known to induce differential expression of
antioxidant enzymes. Consistent with our observation, suble-
thal blue light treatment was shown to upregulate HO-1 in
ARPE-19 cells,45 and more recently light damage in mouse eyes
was shown to induce expression of the genes for HO-1 and
GPx without affecting catalase transcript abundance.37 Similar
outcomes were obtained here for antioxidant enzymes in light-

FIGURE 8. Antioxidant enzyme proteins in cells containing phagocytized particles and treated with sublethal blue light. Densitometric analysis of
Western blots for (A) HO-1, (B) HO-2, (C) catalase, or (D) GPx in extracts of ARPE-19 cells lacking particles (control, open bars) or preloaded by
phagocytosis with black latex beads (lx, hatched bars) or melanosomes (ms, solid bars) and either not light treated (no light, black bars) or light
treated (þlight, blue bars) for 60 minutes as for Figure 6. Single asterisks indicate significant differences forþlight cultures relative to the paired no-
light cultures within particle groups. Double asterisks indicate significant differences forþlight groups in cultures containing either lx or ms relative
to particle-free controls. Triple asterisks indicate significant difference forþlight group cultures containing lx versus ms (t-test analyses, P < 0.05).
(E) Blot used for densitometry to illustrate that the same lanes were used for all enzyme proteins; the blot was cut to probe for individual proteins.
The left lane shows molecular mass markers.
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irradiated ARPE-19 cells, supporting the validity of the culture
model; after treatment of ARPE-19 cells with light doses that
were confirmed to be sublethal, protein levels of HO-1 and
GPx increased while catalase was unaffected. The increases in
HO-1 and GPx were, however, blocked in cells containing
black latex beads and blocked even more in cells containing
phagocytized melanosomes. The blockage by black beads
confirms a role for optical screening, but the consistently
greater effect of melanosomes indicates that additional
functions of pigment granules also contributed. One relevant
function is the ability of melanin to act as an antioxidant by
scavenging reactive oxygen species (ROS), including superox-
ide.3 It has been difficult to demonstrate that RPE melanin
within cells explicitly performs an antioxidant function when
light is the stressor, because light irradiation of melanin can
have a competing pro-oxidizing effect resulting from the
generation superoxide anions47 and additional ROS via
interaction with mitochondrial cytochromes and flavin oxidas-
es.58,59 A higher ROS environment resulting from irradiation of
melanin would be expected to trigger greater HO-1 upregula-
tion, which is a response to many forms of stress.18–21,60

However, there was apparently a reduced stimulus for HO-1
upregulation here, which argues for an ability of the
melanosome to act as an antioxidant under conditions of light
stress. The counterintuitive consequence for cells of this
indirect effect of melanosomes would be a slightly diminished
protection against light stress as compared with cells
containing particles that can also absorb light (e.g., black
beads) but that lack antioxidant properties. We have in fact
previously observed this phenomenon of slightly greater
phototoxicity for cells containing melanosomes when light
absorbance was well controlled for by comparing to cells
containing black beads.46

The potential biological ramifications of the observations
made here indicating that melanosomes can modulate antiox-
idant enzyme proteins HO-1 and GPx under conditions of
sublethal light stress are difficult to predict. Oxidative stress to
the RPE, including photic stress, is believed to contribute to
age-related macular degeneration.46,61 The role of the melano-
somes in regulating RPE cell stress susceptibility may be
significantly underappreciated and extend well beyond their
accepted function of photoprotection by light absorbance.
Further, age-related changes in melanosomes, including iron
loading, photo-oxidation of melanin, and fusion with lipofuscin
granules,62,63 may affect the complex biological functions of
the granules, altering their ability to aid in stress protection.
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2. Kaczara P, Zaręba M, Herrnreiter A, et al. Melanosome-iron
interactions within retinal pigment epithelium-derived cells.
Pigment Cell Melanoma Res. 2012;25:804–814.
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