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N-tert-butyl hydroxylamine, a mitochondrial antioxidant, protects
human retinal pigment epithelial cells from iron overload:
relevance to macular degeneration
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Abstract

Age-related macular degeneration (AMD) is the leading cause of severe visual impairment in the
elderly in developed countries. AMD patients have elevated levels of iron within the retinal pigment
epithelia (RPE), which may lead to oxidative damage to mitochondria, disruption of retinal
metabolism, and vision impairment or loss. As a possible model for iron-induced AMD, we
investigated the effects of excess iron in cultured human fetal RPE cells on oxidant levels and
mitochondrial cytochrome c oxidase (complex IV) function and tested for protection by N-tert-butyl
hydroxylamine (Nt-BHA), a known mitochondrial antioxidant. RPE exposure to ferric ammonium
citrate resulted in a time- and dose-dependent increase in intracellular iron, which increased oxidant
production and decreased glutathione (GSH) levels and mitochondrial complex 1V activity. NtBHA
addition to iron-overloaded RPE cells led to a reduction of intracellular iron content, oxidative stress,
and partial restoration of complex IV activity and GSH content. NtBHA might be useful in AMD
due to its potential to reduce oxidative stress, mitochondrial damage, and age-related iron
accumulation, which may damage normal RPE function and lead to loss of vision.
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Age-related macular degeneration (AMD) is the leading cause of blindness and visual disability
in the elderly in developed countries (1). Retinal iron levels increase with age (2). Moreover,
it has been shown that the retinal pigment epithelium (RPE) of AMD patients contains
significantly higher iron levels than do disease-free retinas (3). Elevated levels of cellular iron
are known to cause oxidative damage to mitochondria (4) and cell injury (5-7).
Epidemiological studies suggest that environmental factors such as smoking, low dietary
antioxidants, and sunlight exposure, all of which are associated with oxidative stress, may
contribute to the development of AMD (8-11).

The degeneration of RPE cells is often observed in the early stages of AMD before the
degeneration of photoreceptors and vision loss (12,13). RPE is a monolayer of cells forming
the blood-retinal barrier that performs many crucial functions such as metabolite transport to
photoreceptors and phagocytosis of photoreceptor outer segments (14). RPE is exposed to
conditions that promote formation of oxidants, including high oxygen tension (15), direct
exposure to sunlight (11,16), and high metabolic activity (17-19). The phagocytosis of
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photoreceptor outer segments also imposes a significant oxidative load on RPE cells (17,18).
Photoreceptor membranes contain the highest amount of docosahexaenoic acid and other
polyunsaturated fatty acids among all body tissues (20). These fatty acids are highly susceptible
to oxidative damage and participate in oxidative chain reactions that are facilitated by the higher
levels of light and oxygen (21). Moreover, antioxidant defense mechanisms are known to
decline with age (10), which may further contribute to an increase in RPE susceptibility to
oxidative damage.

The importance of normal iron homeostasis is emphasized by the facts that retinal dysfunction
has been observed in some pathological conditions due to the lack of iron (22) and an excess
of iron (23-27). Although the subcellular pattern of iron distribution has not been investigated
in RPE cells, mitochondria are particularly prone to iron imbalances because of their
involvement in heme and iron-sulfur synthesis (4,28,29). Mitochondria are an important
cellular target of oxidative stress in RPE (30), and iron excess and iron deficiency can both
further enhance the rate of oxidant production and mitochondrial degeneration (4). Pathological
alterations in RPE mitochondria of AMD patients have been reported recently and RPE
mitochondria have been suggested as a new target for AMD treatment (31). RPE plays a central
role in transport of iron from choriocapillaris to photoreceptors (32,33), and dysfunction in
retinal iron transport has been shown to promote iron accumulation and retinal degeneration
(3,34-36).

The basis for our present study is that N-tert-butyl hydroxylamine (NtBHA) is known to delay
cellular senescence and protects mitochondria function both in vitro and in vivo (37,38).
NtBHA attenuates senescence-and oxidant-induced iron accumulation in human fibroblasts in
vitro (39). NtBHA has also been shown to protect against the oxidative damage of ionizing
radiation (40) and the oxidation and apoptosis due to heat shock (41). NtBHA is a
decomposition product of a free radical scavenger phenyl-N-tert-butyl nitrone and has been
shown to be more effective in attenuating signs of cellular senescence than the parent compound
(37).

MATERIALS AND METHODS

Reagents

Unless stated otherwise, reagents were purchased from Sigma Chemical Company (St. Louis,
MO, USA). The production method of NtBHA by Sigma Chemical Company has changed
(personal communication with Sigma Technical Service), and we found that this new product
was toxic to cells (data not shown); an alternative source of NtBHA (Vitaspace, Central Islip,
NY, USA) is well tolerated by cells.

Human fetal RPE cell culture (42)

Research protocols were approved by the University of California Committee for the Protection
of Human Subjects and followed the tenets of the Declaration of Helsinki. Fetal eyes were
obtained by an independent procurer (Advanced Bioscience Resources, Alameda, CA, USA).
Human fetal eyes of nominal gestation of 15-17 wk were dissected within several hours after
enucleation, and RPE cell cultures were prepared and grown in RPE culture medium (see
below) using Trans-well filters as described (43). After 3-5 wk on Transwell filters, RPE cells
acquired a typical cobblestone shape and demonstrated sharp cell boundary and occludin
distribution characteristic of the intact confluent RPE cultures (42). RPE cells of second or
third passages grown on extracellular matrix-coated Transwell filters for 4-5 wk were used for
studies.
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Iron overload of cells and treatment with NtBHA

Ferric ammonium citrate (FAC), a soluble ferric iron complex, was used to load RPE with iron.
FAC has been used to increase intracellular iron in cultured cells (44) and in brain tissues
(45). RPE cells were incubated with different concentrations of FAC for 1-5 days at 37°C,
followed by washing with cell culture medium to remove excess iron, then treating the RPE
with different concentrations of NtBHA for 16 h.

Assay of oxidants in iron-overloaded RPE

Oxidants in iron-stressed RPE were estimated with the nonfluorescent dye 2'7'-
dichlorodihydrofluorescein (H,DCF) diacetate, (Molecular Probes, Eugene, OR, USA), a
nonpolar compound that is converted by cellular esterases to the polar and membrane-
impermeable derivative H,DCF. H,DCF is oxidized by intracellular oxidants to the highly
fluorescent 2',7'-DCF (46). After treatment, cells were washed once with minimum essential
medium (Invitrogen) and incubated with 20 uM H,DCF diacetate in the dark at 37°C for 30
min. The cells were then washed once with minimum essential medium, and each Transwell
filter was scanned (485 nm excitation, 535 nm emission) with a Wallac 1420 multilabel counter
(PerkinElmer, Fremont, CA, USA) as described (43). Background fluorescence of cells without
H,DCF diacetate was subtracted. Confluent RPE cells with regular shape and size plated at
the same density on the same day were used in each experiment. Each Transwell filter was
scanned at 25 areas of rectangularly arranged 5 x 5 pattern with 1 mm intervals and a beam
area of ~1 mm? (bottom scanning). The averaged fluorescence intensities were expressed
relative to control values.

Assay of intracellular pool of labile iron

The labile iron pool was measured using calcein, an iron-sensitive fluorescent probe. Calcein
fluorescence is quenched on binding to free intracellular iron ions (47). After treatment with
different concentrations of NtBHA and iron (see above), RPE cells were rinsed twice with cell
culture medium, then incubated with 250 nM calcein-AM (Molecular Probes) and incubated
in minimum essential medium for 15 min at room temperature in the dark. RPE cells were
rinsed once, returned to standard culture medium, and equilibrated for 30-40 min before assay
of fluorescence. To check for potential changes in dye loading, RPE cells were incubated with
5 uM fluorescein diacetate (Molecular Probes) for 15 min in the dark and rinsed once with
minimum essential medium before measurement. The fluorescence measurement protocol for
both calcein and fluorescein was similar to that described for DCF measurements above.

Assay of intracellular iron

The iron content of samples was assayed by inductively coupled plasma atomic emission
spectrometry as described previously (39). RPE cells were rinsed twice with growth medium
and once with ice-cold PBS, scraped into water, and digested in 70% HNO3 overnight at 60°
C with orbital shaking at 250 rpm. Lysates were then diluted with water to 5% HNO3 and
analyzed by inductively coupled plasma atomic emission spectrometry (Varian Vista Pro,
Varian, Palo Alto, CA, USA). Elemental values were calibrated using National Institute for
Standards and Technology traceable elemental standards (Sigma) and validated using National
Institute for Standards and Technology traceable reference material (sample 1577b bovine
liver; National Institute for Standards and Technology, Gaithersburg, MD, USA). Lithium (50
parts/million) was used as an ionization buffer and yttrium and scandium (5 parts/million) were
used as internal standards. All reagents and plastic ware were routinely tested for trace metals.
Data was collected and summarized using native software (ICP Expert, version 3.1). Iron
content was normalized to protein levels of RPE cells, which was measured with a
bicinchoninic acid-based protein assay kit (Pierce Chemical Company, Rockford, IL, USA).
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Western blot assay of the content of ferritin and transferrin receptor

RPE cells (1x106) were lysed in 10 mM Tris-ethylenediamine tetraacetic acid (EDTA) and 1%
sodium dodecyl sulfate (SDS) with protease inhibitor cocktail (Sigma #P2714). Equal amounts
of protein (10-20 pg) were loaded on precast SDS/PAGE gels (Cambrex Bio Science Inc.,
Rockland, ME, USA). Resolved proteins were transferred from SDS gel to polyvinylidene
fluoride membranes (Millipore Corporation, Bedford, MA, USA) using the Trans-Blot Semi-
Dry Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA, USA). The membranes were
incubated with mouse anti-human transferrin receptor antibody (1:1000 dilution, BD
Biosciences, Franklin Lakes, NJ, USA) or sheep anti-human ferritin antibody (1:100 dilution,
The Binding Site Ltd., Birmingham, UK) overnight at 4°C. The blots were further labeled with
the corresponding horseradish peroxidase-conjugated secondary antibodies (1:500 dilution,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Membranes were exposed to enhanced
chemiluminescent reagent (NEN Life Sciences, Boston, MA, USA) and visualized with film.
For normalization of protein loading, the membranes were stripped in Restore Western
Stripping reagent (Pierce) and reprobed with mouse anti-human B-actin antibody (1:3000
dilution, Sigma) and goat anti-mouse secondary antibody (1:500 dilution, Santa Cruz
Biotechnology, Inc.).

Measuring the effect of iron overload and NtBHA on cell viability

RPE cultures were assayed for cell viability by double labeling with SYTO Green and SYTOX
Orange (Molecular Probes) as described (43). Briefly, the RPE cells were incubated with 5
MM SYTOX Orange and 5 pM SYTO Green for 20 min at 37°C. RPE cells were visualized
using FITC and TRITC fluorescence filter cubes, respectively, on Axiovert 25 microscope
(Carl Zeiss, Jena, Germany) with a charge-coupled device digital camera (Diagnostic
Instruments, Sterling Heights, MI, USA) and quantitated with Photoshop 7.0 (Adobe Systems,
San Jose, CA, USA).

Assay of glutathione content of RPE

RPE cells (1x106) were acidified in 10% (w/v, 0.25 ml) perchloric acid containing 5 uM
EDTA. The cellular concentration of glutathione (GSH), the most important endogenous
antioxidant, was assayed according to the methods of Fariss and Reed using an HPLC
separation technique as described previously (43,48). GSH content was normalized to the
protein content of the RPE cells.

Assay of cytochrome ¢ oxidase complex IV

RPE cells from each Transwell were scraped into 180 pl of ice-cold mitochondrial isolation
buffer (210 mM mannitol, 70 mM sucrose, 5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1 mM EDTA, 1/50 dilution of protease inhibitor
(Sigma #P-8340), pH adjusted to 7.35 with KOH). RPE cells from three or four duplicate
Transwells were combined and homogenized with 12 strokes of a Dounce homogenizer. The
resulting lysate was centrifuged in the cold at 1000 g for 10 min. The pellet was discarded and
the supernatant was centrifuged in the cold at 12,000 g for 15 min. The resulting mitochondrial-
enriched fraction was washed with isolation buffer (minus EDTA) and repelleted. The protein
content of the pellet was measured using bicinchoninic acid protein assay reagent kit (Pierce).
Complex 1V activity was assayed using a Cytochrome ¢ Oxidase Assay Kit (CYTOX-OX1;
Sigma) with slight modification for use of a microplate reader. Briefly, the mitochondria-
enriched pellet was resuspended in 80 pl of assay buffer, 190 ul of enzyme dilution buffer was
dispensed in several wells of 90-well assay plate, and 15 ul of mitochondrial suspension from
different treatment conditions was added to each well. The reaction was started simultaneously
in several wells by dispensing 20 ul of reduced ferrocytochrome c substrate (0.22 mM) solution
using a multipipetor. The decrease in the absorption at 550 nm was measured after a 5 s delay
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for mixing by shaking at 10 s intervals with six readings. A microplate spectrophotometer,
Spectra Max 340 (Molecular Devices, Sunnyvale, CA, USA) with SoftMax Pro was used for
data collection and analysis.

Statistical analysis

RESULTS

Statistical significance (P<0.05) was determined by the unpaired 2-tailed Student’s t test using
Prism software, version 4.0a (GraphPad Software, San Diego, CA, USA). Plot values represent
mean = so of the indicated number of measurements.

Iron overload in RPE cells

RPE cells were incubated with 250 uM FAC for 1, 2, 3, and 4 days, resulting in a dose-
dependent 16-fold (P<0.001, n=3), 30-fold (P<0.001, n=3), 36-fold (P<0.001, n=3), and 48-
fold (P<0.001, n=3) increase in intracellular iron, respectively, as shown in Fig. 1. Treatment
with 250 uM FAC for up to 4 days did not reduce RPE cell viability as indicated by the absence
of cell death-specific SYTOX red staining in three separate experiments in duplicate from three
different donors (data not shown). The levels of intracellular oxidants significantly increased
after treatment of RPE cells with FAC at concentrations of 250 puM, 500 pM, and 1 mM for 4
days by 1.8-fold (P<0.001, n=6), 1.9-fold (P<0.001, n=6), and 1.9-fold (P<0.001, n=6),
respectively (Fig. 2A). Over the 5 days of exposure to 250 uM FAC, the level of oxidants in
cells, as measured by H,DCF, increased by 1.4-fold (P=0.005, n=6, day 1), 1.35-fold (P<0.001,
n=6, day 2), 1.7-fold (P<0.001, n=6, day 3), and 1.9-fold (P<0.001, n=6, days 4 and 5),
respectively (Fig. 2B). Four days at 250 uM FAC treatment was used to investigate the effects
of iron overload in subsequent experiments.

Effects of NtBHA on the levels of total and intracellular labile iron and oxidative stress in

RPE cells

Posttreatment of iron-loaded RPE cells with 250 uM NtBHA for 16 h promoted a significant
19% reduction (P=0.006) in the levels of intracellular total iron compared with posttreatment
without NtBHA, as shown in Fig. 3A. To examine changes in the small pool of labile iron with
the cells, the iron-sensitive fluorescence probe calcein was used (Fig. 3B); calcein fluorescence
inversely correlates with the levels of labile iron (47). FAC treatment (250 uM) for 4 days
resulted in a significant 17% (P<0.001, n=6) decrease in the levels of calcein fluorescence,
indicating an increase in labile iron within the cell. Posttreatment with 250 UM NtBHA of iron-
treated RPE cells for 16 h caused an increase of 23% (P<0.001, n=7) in the level of calcein
fluorescence relative to NtBHA-free cell medium, indicating decreased levels of labile iron
(Fig. 3B). NtBHA post-treatment was found to attenuate the FAC-induced levels of
intracellular oxidants in a dose-dependent manner (Fig. 3C). No significant changes were seen
at 50 or 100 uM NtBHA concentrations, but posttreatments with 250 uM and 500 UM NtBHA
for 16 h caused a significant reduction by 45% (P<0.001, n=6) and 46% (P=0.002, n=6),
respectively, in the level of oxidants in iron-overloaded RPE cells compared with RPE cells
without NtBHA treatment (Fig. 3C). The 250 uM NtBHA treatment of control RPE cells did
not induce significant changes in the levels of intracellular labile iron, and this concentration
was used in further cellular assays to investigate protective effects of NtBHA in iron-
overloaded RPE cells.

Because both calcein and DCF fluorescence can be affected by dye loading and esterase activity
in differently RPE treated cells, we used a control fluorescein diacetate (FDA) dye to check
for those potential changes. FDA is structurally similar to calcein-AM and, like H,DCF
diacetate and calcein-AM, is practically nonfluorescent until its diacetate moiety is removed
by intracellular esterases, but is not affected by iron or free radicals. As demonstrated in Fig.
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3D, different treatments promoted no significant changes in fluorescein signal, indicating that
the changes observed in DCF and calcein fluorescence were not associated with changes in
RPE dye loading.

Cell viability assays were performed using SYTO/SYTOX double labeling, which efficiently
demonstrated oxidant-induced RPE cell death in our previous studies and indicated <1% cell
death in control untreated RPE cultures (43). The percentage of SYTOX-positive dead RPE
cells remained below 1% after 1-5 days of 250 uM FAC treatment and after NtBHA
posttreatment of control and iron-overloaded RPE cells, thus demonstrating that changes in
cell viability were not contributing to iron and oxidative stress changes induced by these
treatments.

Effects of NtBHA on GSH levels in RPE

The effects of iron overload and NtBHA posttreatment on the levels of GSH, one of the major
cellular antioxidants, were investigated (Fig. 4). GSH levels were increased by 11% (P=0.03,
n=5) after treatment of RPE cells with 250 uM NtBHA for 16 h. Treatment with 250 uM FAC
(4 days) decreased intracellular GSH levels by 34% (P<0.001, n=5). Posttreatment of iron-
overloaded RPE cells with 250 uM NtBHA for 16 h caused a significant increase in GSH levels
by 45% (P<0.001, n=5) relative to RPE cells without NtBHA. The results of both the DCF and
GSH assays support the notion that NtBHA posttreatment might protect RPE cells against the
iron-induced oxidative damage through antioxidant mechanisms.

FAC and NtBHA-mediated changes in transferrin receptor and ferritin levels

The involvement of two iron-associated proteins, transferrin receptor and ferritin, in the
changes observed in total and cellular labile iron and in the effects of iron overload and NtBHA
posttreatment was investigated by assaying their levels of expression. Iron overload suppressed
expression levels of transferrin receptor, but 250 uM NtBHA promoted no observable changes
compared with NtBHA-free treatment, as shown in Fig. 5A. Iron treatment also promoted
strong expression of the iron storage protein ferritin. Posttreatments with 250 uM NtBHA
caused an decrease of 48% (P<0.01, n=3) in ferritin levels compared with control untreated
samples, but promoted no significant changes in iron-overloaded RPE cells (Fig. 5A, B).

Effects of NtBHA on RPE complex IV activity

Iron overload promoted increased levels of oxidants in RPE cells. Since oxidative stress is
known to decrease the activity of mitochondrial enzymes (4,49), the effects of iron overload
on the levels of mitochondrial complex IV activity were measured (Fig. 6). Complex IV activity
in 250 uM FAC-treated RPE cells was significantly reduced by 20%(P=0.01, n=3), as shown
in Fig. 6. Posttreatment of iron-treated RPE cells with 250 pM NtBHA resulted in a significant
21% (P=0.008, n=3) increase in the levels of complex 1V activity compared with treatment
without NtBHA.

DISCUSSION

Iron overload is observed in RPE of AMD patients (3). Excess iron, if not stored in ferritin,
can provide a potent catalyst for oxidant formation (50) and mitochondrial damage (4). It is
widely accepted that the iron used in the outer mammalian retina is transported from the
circulation by the RPE cells (32,51). Iron overload observed in RPE of AMD patients (3) can
have potentially damaging effects on RPE function and physiology, which might disrupt iron
transport to the outer retina.

RPE cells exposed to elevated (250 pM) levels of iron had increased levels of total intracellular
iron (Fig. 1). Iron overload in RPE cells promoted increased rates of cellular oxidant production
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in a time- and concentration-dependent manner (Fig. 2) and decreased the levels of GSH, a
major intracellular antioxidant (Fig. 4). In our experiments, ROS levels did not significantly
change after 3 days of iron exposure (Fig. 2B) despite a progressive increase in iron levels (Fig.
1). Such stabilization of the RPE redox state can be due to up-regulation of various redox-
sensitive transcription factors such as Nrf2, AP1, and NF-kappa B, which promote
transcriptional activation of a score of genes involved in attenuation of oxidative stress. We
also observed a significant increase in the size of the labile intracellular iron pool in iron-treated
RPE cells after 4 days (Fig. 3), suggesting that a small fraction of the iron taken up by the cells
is not stored in ferritin and is free to catalyze oxidative damage.

The iron concentrations used in our experiments, 250 uM, could be relevant to the range of
concentrations which RPE cells experience under different pathological conditions.
Transferrin-bound iron in blood plasma ranges from 9 to 30 uM (45). Drusen of AMD patients
contain amyloid-f aggregates (52). Amyloid-p aggregates in Alzheimer disease brain contain
iron concentrations approaching 1 mM in Alzheimer patients (53). It seems plausible that
amyloid- in drusen may also contain high iron. The association between Alzheimer disease
and AMD, however, is weak (54). RPE is a phagocytic tissue able to phagocytose or endocytose
surrounding material, including amyloid-p, which presumably would also be true for amyloid-
B-containing heme (55). However, it should be noted that the model used in these studies was
a short-term one, with rapid iron loading but minimal cell death. It is unclear how changes in
iron homeostasis in our experiments compare to the decades-long, gradual iron overload that
develops in AMD patients.

Excess iron increases mitochondrial oxidant stress (4), and mitochondria are a primary target
of oxidative stress in RPE cells (30). Excess iron in RPE cells caused a significant decrease in
mitochondrial complex IV activity (Fig. 6). Complex IV activity is decreased in aging (56)
upon exposure to aldehydes from lipid peroxidation (57) in wet AMD (58) and in Alzheimer
patients compared with disease-free patients (59).

We tested the protective effect on iron-stressed RPE cells of NtBHA, an antioxidant that has
been shown in our lab to attenuate in human fibroblasts senescence-induced cellular iron
accumulation (39) and mitochondrial damage induced by senescence (37,38). NtBHA has also
been shown to delay senescence-associated mitochondrial decay, reduce levels of intracellular
oxidants, increase the GSH/GSSG ratio, and decrease senescence-associated iron accumulation
in other cell types (37-39). Posttreatment with NtBHA decreased FAC-induced iron overload
(Fig. 3), decreased the levels of oxidative stress (Fig. 2), partially reversed the iron-induced
increase in the levels of calcein-chelatable intracellular iron (Fig. 3), increased GSH in iron-
treated RPE cells (Fig. 4), and partially restored mitochondrial complex 1V activity in iron-
overloaded RPE cells (Fig. 6). In our experiments, we observed stronger NtBHA-induced
reversal of labile iron levels in iron-overloaded RPE cells compared with total iron levels. This
is likely due to the fact that the labile iron pool is small and more readily affected by NtBHA-
induced changes in iron transport compared with the larger total iron pool that is preferentially
concentrated within ferritin molecules.

NtBHA was proposed to protect mitochondrial function by undergoing redox cycling in the
mitochondrial electron transport chain (38) and thus appears to be a mitochondrial-targeted
antioxidant. Mitochondrial-targeted antioxidants, but not their nonspecific analogs, have been
demonstrated to prevent oxidant-induced iron overload (60). The mechanism by which NtBHA
decreases the excess level of intracellular iron in fibroblasts or RPE cells is unknown.

Iron metabolism and transport in RPE have not been studied extensively. Most mammalian
tissues employ transferrin receptors for the uptake of transferrin-bound iron. RPE expresses
both transferrin and transferrin receptors (51). It has been suggested that RPE cells transport
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iron from the choroidal blood supply to the subretinal space by a process of transcytosis using
RPE-synthesized and excreted transferrin molecules (32,51). The iron export protein
ferroportin has been immunolocalized in RPE cells (61). Ferroportin exports ferrous iron,
which must be oxidized to its ferric form to be accepted by transferrin molecules (62,63).
Ferroportin is thus believed to cooperate with ferroxidases, ceruloplasmin, and hephaestin. The
observation that ceruloplasmin and hephaestin deficiency promotes iron accumulation in RPE
suggests that ferroportin-associated iron transport is present in RPE cells (36,61,64). Ferritin,
an iron storage protein, is expressed in high levels in RPE cells (51). In our experiments, iron
treatment strongly induced ferritin and suppressed transferrin receptor expression in RPE cells
(Fig. 5), reflecting the respective storage and iron import functions of those proteins. We did
not observe significant changes in expression levels of transferrin receptors or ferritin with
NtBHA treatment of iron-overloaded cells. However, NtBHA treatment of RPE cells not
loaded with iron showed a reduction in levels of ferritin expression (Fig. 5). It has been shown
that increased rates of iron efflux promote degradation of ferritin molecules in order to maintain
the normal range of intracellular labile iron (65). Thus, the observed NtBHA-induced decrease
in ferritin levels in RPE cells not loaded with iron might potentially result from NtBHA-
stimulated iron efflux. Because labile iron levels represent only a small fraction of the
intracellular iron, this mechanism would not significantly change total iron levels in the short
term. In iron-overloaded cells, NtBHA-induced total iron efflux did not promote changes in
ferritin levels (Fig. 5), possibly because ferritin complexes remained heavily iron loaded, and
thus were not degraded.

The expression of ferritin and transferrin receptors is known to be regulated by iron regulatory
proteins (IRP1 and IRP2), which in turn are regulated by labile iron levels. Thus, changes in
labile iron would be expected to result in changes in ferritin and transferrin receptor gene
expression. However, we did not observe changes in ferritin and transferrin receptor levels in
iron-loaded cells after treatment with NtBHA. NtBHA-induced changes in redox cell status,
as well as impairment of cellular IRP mechanism by strong iron overload and associated
oxidative stress, might be partly responsible for the observed lack of change in gene expression.
The canonical concept of IRP regulation of iron metabolism has been significantly overhauled,
particularly in the case of iron-transporting cells, by recent studies of new iron regulatory
mechanisms (66).

Several mechanisms besides IRP-dependent iron regulation have been identified for regulating
expression of genes involved in iron homeostasis based on recent studies. GSH synthesis
enzymes are part of the phase-2 regulatory control system to protect against oxidants and can
be induced by a variety of agents (67,68). These mechanisms can also explain the observed
effects of NtBHA on labile iron regulation in RPE cells. It has been suggested that the export
of intracellular complex of GSH and Fe through a GSH transporter multidrug resistance-
associated protein (MRP1) can represent a potential mechanism of cellular iron efflux (69). It
has also been demonstrated that hsp27, a heat shock protein involved in antioxidant cell
protection, reduced iron levels in murine cells via a mechanism not involving down-regulation
of transferrin receptor expression (70). Because NtBHA is an antioxidant and also increases
cellular GSH levels, increased iron efflux may play a significant role in the cytoprotection of
iron-loaded RPE cells. So far, only one study demonstrated the presence of an iron exporting
system in RPE tissue, namely, the iron transporter ferroportin (61). Regulatory mechanisms
of ferroportin transport are not well studied and might potentially involve redox regulation. It
is also possible that the well-known transporter DMT-1 may play a role in iron export in RPE,
though the presence of DMT-1 in RPE has not been confirmed. Other studies have shown that
DMT-1 is regulated by the cellular redox state and so could be affected by NtBHA treatment
(71). Further investigation is needed to clarify the complexity of iron metabolism in RPE cells.
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The effects of iron overload as a model of AMD in human RPE cells suggest that NtBHA
treatment can decrease the levels of total and chelatable iron, iron-induced intracellular
oxidative stress, and RPE mitochondrial dysfunction. Understanding the effect and mechanism

of

this protection might be useful in developing strategies to attenuate AMD in humans.
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Figure 1.

Time-dependent increase in the levels of total iron in RPE cells treated with 250 pM FAC.
Changes in total iron levels were measured using ICP. FAC exposure for 1-4 days promoted
a time-dependent increase in the levels of total iron in RPE cells. The data represent mean +
so of 3 independent experiments (***P<0.001).
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Figure 2.

Iron overload induced dose- and time-dependent increase in the levels of oxidative stress in
RPE. A) Effect of different concentrations of FAC (4 days’ treatment) on the levels of
intracellular oxidants. Changes in oxidative stress were measured with the oxidant-sensitive
dye Ho,DCF. The significant increase in oxidant levels was induced by the concentrations of
FAC of 250 uM or greater. The data represent mean + so of 6 samples from 3 different
experiments (***P<0.001 vs. control). B) Time-dependent increase in the levels of intracellular
oxidants in RPE cells treated with 250 pM FAC. The data represent mean * so of 6 samples
from 3 different experiments (**P<0.01, ***P<0.001 vs. control).
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Figure 3.
Effects of NtBHA posttreatment on iron homeostasis and oxidative stress levels in RPE cells.

A) NtBHA posttreatment resulted in a decrease in levels of total iron in RPE cells treated with
FAC (250 puM, 4 days) as determined by ICP. RPE cells were treated with NtBHA (250 pM,
16 h) after FAC exposure, and demonstrated a significant decrease in the levels of total iron
compared with RPE cells treated with medium alone (0 pM NtBHA). The data represent mean
* s of 3 independent experiments (**P<0.01, ***P<0.001). B) Effect of iron overload and
NtBHA posttreatment on the levels of labile iron in RPE cells. Different treatments are
indicated as follows: control = untreated RPE cells; NtBHA = RPE cells treated with 250 pM
NtBHA; FAC, 4 days = RPE cells treated with 250 uM FAC for 4 days; FAC + 0 pM NtBHA
= RPE cells treated with 250 pM FAC for 4 days and posttreated with NtBHA-free cell medium;
FAC + 250 uM NtBHA = RPE cells treated with 250 uM FAC for 4 days and posttreated with
250 uM NtBHA. Changes in labile iron levels were measured with Fe-sensitive calcein dye.
FAC treatment for 4 days promoted significant decrease in calcein fluorescence, indicating
increased labile iron concentration. Treatment with 250 uM NtBHA of iron-loaded cells
reduced the levels of intracellular labile iron compared with RPE cells treated with medium
alone (0 uM NtBHA). The data represent mean * so of 7 samples from 4 independent
experiments (***P<0.001). C) Effect of NtBHA posttreatment on the levels of intracellular
oxidants in iron-treated RPE cells. RPE cells were treated overnight (16 h) with different
concentrations of NtBHA after 4 days of FAC exposure. Changes in oxidant levels were
measured with oxidant-sensitive dye H,DCF. Data are expressed as mean + so of 3 independent
experiments. Each experiment was performed in duplicate (**P<0.01, ***P<0.001). D)
Fluorescein diacetate dye was used as a control to check for potential changes in RPE dye
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loading. Different treatments promoted no significant changes in fluorescein signal indicating
no difference in loading differently treated RPE cells with dyes.
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Figure 4.

Effect of iron overload and NtBHA treatment on GSH levels in RPE cells. Control = untreated
RPE cells; NtBHA = RPE cells treated with 250 uM NtBHA for 16 h; FAC, 4 days = RPE
cells treated with 250 pM FAC for 4 days; FAC + 0 uM NtBHA = RPE cells treated with 250
MM FAC for 4 days and posttreated with NtBHA-free cell medium for 16 h; FAC + 250 uM
NtBHA = RPE cells treated with 250 uM FAC for 4 days and posttreated with 250 uM NtBHA
for 16 h. NtBHA treatment caused a significant increase in GSH levels in both control and
FAC-treated RPE cells. The data represent mean * so of 5 samples from 3 different experiments
(*P<0.05, ***P<0.001).
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Effect of iron overload and NtBHA treatment on ferritin and transferrin receptor (TfR)
expression in RPE cells. A) Different treatments are indicated: Contr = control untreated RPE
cells; NtBHA = RPE cells treated with 250 pM NtBHA for 16 h; FAC, 4 days = RPE cells
treated with 250 uM FAC for 4 days; FAC + 0 pM NtBHA = RPE cells treated with 250 uM
FAC for 4 days, then treated with NtBHA-free cell medium for 16 h; FAC = 250 pM NtBHA
= RPE cells treated with 250 uM FAC for 4 days, then treated with 250 uM NtBHA for 16 h.
B) Effect of NtBHA (250 puM, 16 h) treatment on ferritin levels in RPE cells from 3 different
donors.
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Figure 6.

Effect of iron overload and NtBHA treatment on mitochondrial complex IV activity. Control
= untreated RPE cells; NtBHA = RPE cells treated with 250 uM NtBHA; FAC, 4 days = RPE
cells treated with 250 pM FAC for 4 days; FAC + 0 uM NtBHA = RPE cells treated with 250
UM FAC for 4 days, then treated with NtBHA-free cell medium; FAC + 250 uM NtBHA =
RPE cells treated with 250 uM FAC for 4 days, then treated with 250 pM NtBHA. Changes
in the enzyme activity were measured using kinetic colorimetric assay. FAC treatment for 4
days caused a significant decrease in complex IV activity. Treatment with 250 uM NtBHA of
iron overloaded cells resulted in a significant increase of complex IV activity compared with
RPE cells treated with medium alone (0 uM NtBHA). Iron-loaded RPE cells treated with 250
UM NtBHA demonstrated significantly higher levels of complex IV activity compared with
RPE cells treated with medium alone (0 pM NtBHA). The data represent mean * so of 3
independent experiments (*P<0.05 vs. control, **P<0.01).
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