Inhibition of RPE Lysosomal and Antioxidant Activity
by the Age Pigment Lipofuscin
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Purrose. To determine whether lipofuscin is detrimental to
lysosomal and antioxidant function in cultured human retinal
pigment epithelial (RPE) cells.

MEeTtHODS. Isolated lipofuscin granules were fed to confluent
RPE cultures and the cells maintained in basal medium for 7
days. Parallel cultures were established that did not receive
lipofuscin. Cultures were either exposed to visible light (390 -
550 nm) at an irradiance of 2.8 mW/cm? or maintained in the
dark at 37°C for up to 24 hours. Cells were subsequently
assessed for cell viability, lysosomal enzyme activity, and anti-
oxidant capacity.

Resurts. There was no loss of cell viability during the first 3
hours of light exposure, whereas a 10% loss of viability was
observed in lipofuscin-fed cultures after 6 hours’ exposure to
light. Activities of acid phosphatase, N-acetyl-B-glucuronidase,
and cathepsin D were decreased by up to 50% in lipofuscin-fed
cells exposed to light compared with either unfed cells or cells
maintained in the dark. There was also a decrease in the
antioxidant potential of RPE cells. Catalase and superoxide
dismutase activities decreased by up to 60% and glutathione
levels by 28% in light-exposed lipofuscin-fed cells compared
with unfed cells or cells maintained in the dark.

Concrusions. Lipofuscin has the capacity to reduce the efficacy
of the lysosomal and antioxidant systems in RPE cells that may
play an important role in retinal ageing and the development of
age-related macular degeneration. (Invest Opbthalmol Vis Sci.
2001;42:3041-3046)

he retinal pigment epithelium (RPE) is essential for the

maintenance of retinal function." Two of its important
roles are the ingestion and degradation of the spent tips of
photoreceptor outer segments® and the provision of protec-
tion against oxidative stress.’

The daily phagocytosis of photoreceptor outer segments
and, to a lesser extent, the autophagy of spent organelles
requires the RPE to have a comprehensive lysosomal system to
ensure the degradation of phagosomal material.* Up to 40
hydrolytic enzymes are present within lysosomes of which
cathepsin D has been shown to be important in the breakdown
of rod outer segments.®> Despite this extensive lysosomal sys-
tem in the RPE, there is accumulation of undegradable material
within lysosomes that accumulates to form the autofluorescent
lipid-protein aggregate lipofuscin.® Lipofuscin granules pro-
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gressively accumulate with age, eventually occupying up to
19% of cytoplasmic volume by the age of 80.°

The RPE is located in a region of high oxidative stress. It is
constantly exposed to visible light and high oxygen tension
and is highly metabolically active, thus providing an ideal
environment for the generation of reactive oxygen species
(ROS).>” In addition, phagocytosis of rod outer segments
causes a burst of ROS, which adds a further oxidative burden.?
To cope with these toxic oxygen intermediates, the RPE has
evolved effective defenses against oxidative damage. It is par-
ticularly rich in antioxidants such as vitamin E, superoxide
dismutase (SOD), catalase, glutathione, and ascorbate.”® In
addition, the RPE is able, within limits, to repair damage in-
curred by ROS that have evaded the antioxidant defenses.

Lipofuscin provides an additional oxidative burden on the
RPE. We have previously demonstrated lipofuscin to be a
photoinducible generator of ROS and that this is wavelength
dependent."'%'! Furthermore, we have demonstrated in bio-
chemical assays that lipofuscin is capable of photoinducing
extragranular lipid peroxidation as well as reduction in the
activity of the enzymes catalase and acid phosphatase.'* More
recently, we have confirmed the phototoxicity of lipofuscin in
a cellular system in which loss of lysosomal integrity and
oxidative damage was a precursor to RPE cell death.'?

The purpose of this study was to determine whether lipo-
fuscin is detrimental to the normal functioning of the lysosomal
and antioxidant systems in the RPE.

METHODS

Chemicals

Ham'’s F10 and Ham’s SF10PF cell culture media were obtained from
Gibco BRL (Life Technologies Ltd., Paisley, UK), fetal calf serum (FCS)
was from TCS Biologicals Ltd. (Buckingham, UK). Trypsin, antibiotics,
fungizone, 3-(4,5-dimethylthtiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT), phosphate-buffered saline (PBS) tablets, p-nitrophenol,
p-nitrophenyl phosphate, p-nitrophenyl B-pD-glucosaminide, tyrosine,
hemoglobin, triton X-100, hydrogen peroxide, potassium thiocyanate,
catalase, glutathione, 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB), nitro
blue tetrazolium (NBT), B-nicotinamide adenine dinucleotide (NADH),
5-methyl phenazinium methyl sulfate (phenazine methosulfate; PMS),
and SOD were purchased from Sigma Chemical Co. (Poole, UK). The
bicinchoninic acid (BCA) protein assay kit was from Pierce & Warriner
Ltd. (Chester, UK), and EDTA and sodium bicarbonate were obtained
from BDH (Poole, UK). All other chemicals used were of highest purity
analytical grade.

Isolation and Purification of Lipofuscin

Isolation of lipofuscin granules from eyes of human donors aged 50 to
60 years was performed as previously described,'® except that RPE
cells were disrupted by mechanical homogenization rather than ultra-
sonication. Lipofuscin granules were isolated and purified by differen-
tial centrifugation and suspended in PBS, and the lipofuscin concen-
tration was determined by counting granules on a hemocytometer.

Isolation and Culture of Human RPE Cells

RPE cells were isolated and cultured from human eyes, as previously
described.'® The eyes, from donors aged between 40 and 70 years,
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were provided by the Bristol Eye Bank, United Kingdom. The corneas
had been used for transplantation, and permission had been given to
use the poles for research. The RPE cells were grown in Ham’s F10
medium supplemented with 20% FCS and antibiotics and, unless oth-
erwise stated, were maintained at 37°C in a 5% CO, incubator. All
cultures were used between passages 3 and 5, and each cell contained
less than five lipofuscin granules before experimentation.

Phototoxicity Experiments

RPE cells were grown to confluence in 24-well culture plates or 25-cm?
culture flasks. At confluence the culture medium was replaced with
basal medium (Ham’s F10 supplemented with 2% FCS) and maintained
for a further 24 hours. Cultures received purified lipofuscin granules
(~300 granules/cell) suspended in basal medium. After 24 hours the
medium was replaced with fresh basal medium, and the cultures were
maintained for 7 days, during which the basal medium was changed
every 2 days. Before light exposure, the basal medium was replaced
with Ham’s SF10PF medium, which does not contain the photosensi-
tizers phenol red, tryptophan, riboflavin, and folic acid.'® For each set
of experiments, one set of RPE cultures (with or without lipofuscin)
were wrapped in an aluminum-lined black sheet of paper (dark main-
tained) and the other set was left uncovered (light exposed). Both
light- and dark-maintained cultures were exposed to 390- to 550-nm
light emitted by a sunlight simulator'® (Sol 500; Honle UV Ltd., Bir-
mingham, UK), with appropriate filters for various times, as explained
in the figure legends. The irradiance was 2.8 mW/cm?, and the light
source was positioned at a distance from the cultures, ensuring that the
cells were continuously exposed to a temperature of 37°C.

MTT Cell Viability Assay

The assay was performed essentially as described by Mosmann.'”
Briefly, after the RPE cells had been exposed to the experimental
conditions the medium was removed and MTT prepared in Ham’s
SP10PF was added to each well. The cells were incubated for 3 hours
at 37°C in a humidified 5% CO, incubator. The unreacted MTT was
aspirated off and 250 ul of 0.04 N acidified isopropanol was added to
solubilize the reduced formazan crystals. Aliquots of solubilized crys-
tals were transferred to a 96-well plate, and absorbance was measured
at 570 nm in a microplate reader (Multiskan Ascent; Labsystems,
Helsinki, Finland). Absorbances were normalized against control ab-
sorbances immediately before light exposure-dark maintenance and
are expressed as viability as a percentage of control absorbance.

Lysosomal Enzyme Assays

Immediately subsequent to light exposure or dark maintenance, cells
were lysed with 0.2% Triton X-100 in distilled water for 5 minutes. The
lysate was then assayed for the activities of the following enzymes.

Acid Phosphatase Assay. The lysate was incubated with 7.5
mM p-nitrophenyl phosphate in 0.1 M acetate buffer (pH 5.0) for 45
minutes at 37°C."®'? The reaction was stopped by the addition of 100
mM NaOH, (pH 10.5), and the absorption of light by p-nitrophenol
released in the reaction was measured at 405 nm. By using a calibration
curve for p-nitrophenol the absorbances were converted to picomoles
of reaction product.

N-acetyl B-p-glucosaminidase Assay. The lysate was incu-
bated with 7.5 mM p-nitrophenyl B-p-glucosaminide in 0.1 M citrate
buffer (pH 5.0) for 45 minutes at 37°C."° The reaction was stopped by
the addition of 0.4 M glycine-NaOH buffer (pH 10.5) and the absorp-
tion of light by p-nitrophenol released in the reaction was measured at
405 nm. By using a calibration curve for p-nitrophenol, the absorbance
values were converted to picomoles of reaction product.

Cathepsin-D Assay. The lysate was assayed for cathepsin D
activity using a modification of the assay described by Rakoczy et al.*°
The lysate was incubated with 2% hemoglobin in 0.2 M formate buffer
(pH 3.3) at 37°C for 60 minutes, and the reaction was stopped by the
addition of ice-chilled 3% trichloroacetic acid. After centrifugation at
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100g for 5 minutes the proteolytic products from the digested hemo-
globin in the supernatant were measured using the BCA assay. The
absorption values of BCA complex, colorimetrically measured at 562
nm, were converted to absolute values of tyrosine equivalents using a
calibration curve.

Antioxidant Assays

Immediately subsequent to light exposure or dark maintenance, cells
were lysed with 0.2% Triton X-100 in distilled water for 5 minutes. The
lysate was then assayed for the following antioxidants.

Catalase Assay. The catalase activity was measured by the
modified method of Cohen et al.>' The cell lysate was incubated for 5
minutes in the presence of 6 mM H,O, at room temperature. The
reaction was quenched by the addition of 0.75 N H,SO, and 50 mM
FeSO,. The color of the products formed was developed by the addi-
tion of potassium thiocyanate (KSCN), and the absorbance of the
ferrithiocyanate product was colorimetrically measured at 460 nm. The
standard curve of known activity of pure catalase was used to calculate
the absolute values of test samples.

SOD Assay. The cell lysate was incubated with 50 mM phosphate
buffer (pH 7.4), containing 0.1 mM EDTA, 62 uM NBT, and 98 uM
NADH. The reaction was initiated by the addition of 3.3 wM PMS.** The
absorbance of reduced NBT in the reaction mixture was monitored at
560 nm after a 5-minute incubation. The assay does not distinguish
between Cu-Zn-SOD and Mn-SOD. The absolute values of SOD in test
samples were calculated from the standard curve of known activity of
pure catalase.

Glutathione Assay. Glutathione was determined essentially as
described by Cui and Lou.?? The cell lysate was incubated with 0.1 mM
DTNB in the presence of 1 M Tris-HCI buffer (pH 8.2) containing 0.02
M EDTA. The absorbance of the reaction product was measured at 412
nm. The absolute values of glutathione were calculated from the
standard curve of known concentrations of pure glutathione.

Statistical Analysis

All assays were performed in triplicate on at least three separate
occasions, each with a culture isolated from a different donor. To
account for the effect of lipofuscin on absorption as well as interex-
perimental variation, data were normalized against control absor-
bances obtained immediately before light exposure-dark maintenance
and are expressed as a percentage of control absorbance. The rate of
enzyme inactivation was calculated from the standard plot of known
values of product or the enzyme itself on computer (Prism, ver. 3.02;
GraphPad, San Diego, CA). Analysis of variation (ANOVA) was used to
determine interexperimental variation, and a Student’s #-test was per-
formed to identify variation between time points. Values of signifi-
cance were taken as P < 0.01.

RESULTS

RPE Cell Viability

There was no significant loss of cell viability during the first 3
hours of the study, irrespective of whether cells were fed
lipofuscin or exposed to light (Fig. 1). A slight (~10%) but
significant decrease (P < 0.01) in cell viability was observed at
6 hours in lipofuscin-fed cells, whether exposed to light or not.
Lipofuscin-fed cells continued to show an increasing loss of
viability that was greatest at 24 hours in lipofuscin-fed cells
exposed to light (42% decrease in viability) compared with
unfed cells. After these results, we decided to assess enzyme
and antioxidant activity at 3 hours (no significant cell loss) and
6 hours (initial phase of cell death). There was no decrease in
viability in cells maintained in the absence of lipofuscin.
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FIGURE 1. The effect of lipofuscin
and light on RPE cell viability. RPE
cells were cultured under the follow-
ing conditions over a 24-hour period:
with lipofuscin and exposed to light
(@), with lipofuscin and maintained
in the dark (V¥), without lipofuscin
and exposed to light (O), and with-
out lipofuscin and maintained in the
dark (V). Viability was assessed by
the ability of the cells to reduce MTT
to formazan. The absorbance of the 0
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product was measured at 570 nm.
The results shown are the mean of
four experiments; vertical bars rep-
resent SEM.

Lysosomal Enzyme Activity

All three lysosomal enzymes demonstrated a significant de-
crease in activity in lipofuscin-fed cells in the presence of light
at both 3 and 6 hours compared with either unfed cells or cells
maintained in the dark (Fig. 2). Unfed cells maintained in the
dark showed no significant loss of enzyme activity throughout
the time course of the experiment. Lipofuscin-fed cells ex-
posed to light demonstrated a significant (P < 0.01) 27% and
53% loss of acid phosphatase activity, a 37% and 53% loss of
N-acetyl-B-glucuronidase activity, and a 30% and 48% loss of
cathepsin D activity at 3 and 6 hours after light exposure,
respectively, compared with unfed cells maintained in the
dark. Some enzyme inactivation was observed in lipofuscin-fed
cells in the absence of light compared with unfed cells in the
absence of light (19%, 21%, and 26% for acid phosphatase,
N-acetyl-B-glucuronidase, and cathepsin D, respectively), much
less than that observed for lipofuscin-fed cells exposed to light.
The enzyme activity in unfed cells exposed to light was not
significantly different from that observed in unfed cells main-
tained in the dark.

Antioxidant Activity

There was a decrease in antioxidant potential of lipofuscin-fed
cells compared with unfed cells (Fig. 3). The greatest decrease
was observed in light-exposed lipofuscin-fed cells that demon-
strated a significant (P < 0.01) decrease of 35% and 65% for
catalase, 28% and 48% for SOD and 13% and 35% for glutathi-
one at 3 and 6 hours, respectively, compared with unfed cells
maintained in the dark, which showed no change in antioxi-
dant potential over the time course of the experiment. By
contrast, unfed cells exposed to light showed a significant
decrease in antioxidant potential that was greatest at 6 hours
after exposure: 33%, 30%, and 17% with catalase, SOD, and
glutathione, respectively. The levels of SOD and glutathione in
lipofuscin-fed cells maintained in the dark were intermediate
between unfed cells exposed to light and lipofuscin-fed cells
exposed to light. Although catalase activity in lipofuscin-fed
cells maintained in the dark tended to be lower than unfed
cells exposed to light, the difference was not significant.

] T
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Di1scussioN

In this study, lipofuscin inhibited lysosomal function and re-
duced antioxidant capacity in RPE cells, confirming our hy-
pothesis that lipofuscin can be detrimental to RPE cell func-
tion. That this occurred in a cellular system with its full
complement of antioxidants and repair systems demonstrates
the potential for such action in vivo. It is not surprising that
lipofuscin inhibited biochemical pathways, because light has
previously been shown to photogenerate the production of
ROS from lipofuscin,’® and ROS cause oxidant damage to
proteins and peptides.?* Indeed, we have previously shown
that the photogeneration of ROS by lipofuscin can cause ex-
tracellular damage to acid phosphatase and catalase and that
this can be prevented by the addition of antioxidants.'? An
unexpected observation was that lipofuscin-fed cells main-
tained in the dark also caused some loss of both lysosomal and
antioxidant activity, but this was always significantly less than
lipofuscin in the presence of light. The dark effect of lipofuscin
has been previously reported by us®> and others®® who dem-
onstrated the formation of superoxide anions and lipid peroxi-
dation. Whether this dark effect is an inherent property of
lipofuscin or induced by the isolation process is unclear.

The lysosomal system of the RPE is integral to the degrada-
tion and turnover of intracellular organelles and ingested pho-
toreceptor outer segments. A decline in the efficiency of this
system leads to the build up of nondegradable material and
cellular congestion, culminating in cell dysfunction. Our ob-
servation that lipofuscin inhibited lysosomal enzyme activity is
in keeping with previous results'? and is likely to be predom-
inantly due to the photogeneration of ROS.'>'! However, it is
possible that N-retinylidene-N-rentinylethanolamine (A2E), a
major fluorophore of lipofuscin, may also contribute to this
inhibition, because some enzyme inactivation was observed in
the absence of light. Holz et al.>” have previously demonstrated
that A2E reduces lysosomal activity in the absence of light.
Whether this explains the reactivity of lipofuscin under dark
conditions has yet to be determined. However, the concentra-
tion of A2E contained within the lipofuscin fed to our cells*®
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FIGURE 2. The effect of lipofuscin and light on lysosomal enzyme
activity. RPE cells were cultured under the conditions described in
Figure 1 over a 6-hour period and the lysates assayed for acid phos-
phatase (A), N-acetyl-B-glucuronidase (B), or cathepsin D (C). Acid
phosphatase and N-acetyl-B-glucuronidase activities are presented as
picomoles of p-nitrophenol produced from the phenol phosphate
substrate per 10° cells/min. Cathepsin D activity is presented as nano-
grams tyrosine released from the hemoglobin substrate per 10° cells/
min. The data were normalized against untreated RPE cells at time 0, to
account for experimental variations due to different cell conditions.
The results shown are the mean of three experiments; vertical bars
represent SEM.

was more than 100 times less than that used to inhibit lysoso-
mal enzyme activity in the study by Shiitt et al.'®

To what extent lipofuscin contributes to changes in RPE
lysosomal enzyme activity with age is unclear. There are con-
flicting reports of both an age-related increase and decrease of
lysosomal enzyme activity in the body with data showing
differences between species, the type of tissue analyzed, and
the methodology.?* > In general, studies indicate an increase
in lysosomal enzyme activity with age in the RPE.>>~>* This
apparent contradiction of our data can be easily explained by
the steady accumulation of lipofuscin granules with age. The

10VS, November 2001, Vol. 42, No. 12

greater the number of lipofuscin granules the less the number
of free lysosomes®>%; thus, the capacity for lysosomes to
efficiently degrade ingested outer segments is reduced. Fur-
thermore, the chronic inactivation of lysosomal enzymes
through lipofuscin may result in newly synthesized enzymes
being directed away from primary lysosomes. Cingle et al.>”
have reported a decrease in the specific activity of a number of
lysosomal enzymes with age, and Rakoczy et al.” have demon-
strated downregulation of cathepsin D in association with
retinal ageing changes. The recent observation that heme ox-
ygenase (a marker for oxidative stress) is increased within
lysosomes in the macular RPE is further support for oxidative
stress occurring within the lysosomal vacuome.®® Brunk et
al.>® and Hellquist et al.* have previously shown that exposure
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Ficure 3. The effect of lipofuscin and light on the antioxidant poten-
tial of RPE cells. RPE cells were cultured under the conditions de-
scribed in Figure 1 over a 6-hour period and the lysates assayed for
catalase (A), SOD (B), or glutathione (C). Catalase and SOD activities
are presented as units/10° cells/min and glutathione as units/10> cells/
min. The data were normalized against untreated RPE cells at time 0, to
account for experimental variations due to different cell conditions.
The results shown are the mean of three experiments; vertical bars
represent SEM.
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of cells to nonlethal concentrations of oxidative stressors in-
duces degeneration-repair mechanisms involving lysosomal
stabilization and that this may in part involve interaction with
reactive ferrous iron through Fenton-type mechanisms.*!

The observation that irradiation of lipofuscin-fed cells re-
sulted in a decrease in antioxidant status was unexpected. It
had been hypothesized that antioxidants’ enzyme activity
would increase, to neutralize the increased presence of ROS.
However, it is likely that lipofuscin-derived ROS directly inhibit
the action of SOD and catalase as well as regulating the avail-
ability of glutathione.'? Reports on age-related changes to the
antioxidant system are generally conflicting and often tissue
specific.*27%% In general, one or more of the antioxidant en-
zymes decrease with age, but this varies with both species and
tissue. This decrease in antioxidant protection is believed to
contribute to the ageing process, because life span can be
significantly increased by the use of SOD-catalase mimetics**
and transgenics.*® Analysis of RPE samples has demonstrated
an age-related decrease in catalase activity but no change in
SOD activity”” in the macular RPE, whereas De La Paz et al.*®
demonstrated a decrease in SOD in the peripheral RPE with no
change in the macula; no changes were observed in either the
periphery or macula for other antioxidants tested. Our results
indicate that lysosome-centered generation of ROS results in
both intra and extralysosomal damage.

In our studies lipofuscin had the capacity to inhibit the
action of both the lysosomal and antioxidant systems in the
RPE. To what extent this chronic low-level damage contributes
to the ageing process and the development of AMD is unclear.
Decreased catalase activity in the cytoplasm and lysosomes and
decreased plasma glutathione reductase, glutathione peroxi-
dase, and SOD have all been reported in patients with
AMD .3%#>5° Further studies are essential to confirm the con-
tribution oxidative damage makes to RPE ageing and dysfunc-
tion.
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