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Oxidative damage and age-related macular degeneration
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Thisarticle provides current information on the potential role of oxidation in relation to age-related macular degeneration
(AMD). The emphasisis placed on the generation of oxidants and free radicals and the protective effects of antioxidants
inthe outer retina, with specific emphasis on the photoreceptor cells, theretinal pigment epithelium and the choriocapillaris.
The starting points include a discussion and a definition of what radicals are, their endogenous sources, how they react,
and what damage they may cause. The photoreceptor/pigment epithelium complex is exposed to sunlight, is bathed in a
near-arterial level of oxygen, and membranesin this complex contain high concentrations of polyunsaturated fatty acids,
all considered to be potential factorsleading to oxidative damage. Actions of antioxidants such as glutathione, vitamin C,
superoxide dismutase, catalase, vitamin E and the carotenoids are discussed in terms of their mechanisms of preventing
oxidative damage. The phototoxicity of lipofuscin, agroup of complex autofluorescent lipid/protein aggregates that accu-
mulate in theretinal pigment epithelium, is described and evidence is presented suggesting that intracellular lipofuscinis
toxic to these cells, thus supporting arole for lipofuscin in aging and AMD. The theory that AMD is primarily dueto a
photosensitizing injury to the choriocapillarisis evaluated. Results are presented showing that when protoporphyric mice
are exposed to blue light there is an induction in the synthesis of Type IV collagen synthesis by the choriocapillary
endothelium, which leads to a thickened Bruch’'s membrane and to the appearance of sub-retinal pigment epithelial
fibrillogranular deposits, which are similar to basal laminar deposits. The hypothesisthat AMD may result from oxidative
injury to the retinal pigment epithelium is further evaluated in experiments designed to test the protective effects of
glutathionein preventing damage to cultured human pigment epithelial cells exposed to an oxidant. Experiments designed
to increase the concentration of glutathionein pigment epithelial cellsusing dimethylfumarate, amonofunctional inducer,
are described in relation to the ability of these cells to survive an oxidative challenge. While all these models provide
undisputed evidence of oxidative damage to the retinal pigment epithelium and the choriocapillaris that is both light- and
oxygen-dependent, it neverthelessis still unclear at thistimewhat the precise linkage i s between oxidation-induced events
and the onset and progression of AMD.

Oxidative processes have been proposed to play a caus-
ative or contributing rolein asteadily growing number of dis-
eases, such as heart disease, certain types of cancers,
neurodegenerative disorders, cataract, and age-related macu-
lar degeneration (AMD). Much has been madein recent years
about oxidative stress, freeradicalsand how oxygen, whichis
necessary for life in providing aerobic respiration, may also
be toxic. Vision loss in AMD occurs through photoreceptor
damage in the macula, with abnormalities in the retina pig-
ment epithelium (RPE) and Bruch’s membrane being the hall-
mark of the disease[1,2]. Sincethe original study by Noell et
al. [3] showing that exposure of freely moving ratsto continu-
ousbright visible (green) light leads to selective degeneration
of rod photoreceptor cells, there has been a growing concern
that long-term exposureto sunlight may be acontributing fac-
tor to the development of AMD [4]. Indeed, it was Noell et al.
who first suggested that the mechanism of light damage may
involve a photosensitization reaction. The outer retinaand, in
particular, the outer segments of photoreceptors contain high
concentrations of polyunsaturated fatty acids (PUFAS) in the
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membranes. This region is also exposed to a relatively high
oxygen tension which is close to that found in arterial blood.
Given the well-known susceptibility of PUFAS to undergo
oxidation in the presence of oxygen or oxygen-derived radi-
cal species, it isunderstandablewhy oxidative steps are thought
to be involved in the pathogenesis of AMD. The nature of
these radical species and their sources of generation will be
described.

As stated by Young [4], “the first sign of senescence in
(outer retinal layers) is the appearance of residual bodies (li-
pofuscin) within the RPE. Progressive engorgement of the RPE
cellswith lipofuscin is accompanied by abnormal excretions,
which accumulate on the basal aspect of the cells and within
Bruch’s membrane. This process of cellular impairment may
finally culminate in the death of the RPE and visual cells.”
Lipofuscin isthe generic name given to a heterogeneous group
of complex, autofluorescent lipid/protein aggregates present
in awide variety of both neuronal and non-neuronal tissues
[5]. Intheeye, lipofuscin accumul ateswithin the RPE through-
out life eventually occupying up to 19% of cytoplasmic vol-
ume by 80 years of age [6]. Unlike other cellsin the body, in
which lipofuscin occurs through autophagic breakdown of in-
tracellular organelles, the major substrate for lipofuscin for-
mation in the RPE is the undegradabl e endproducts resulting
from the phagocytosis of photoreceptor outer segments. There
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is considerable evidence linking the formation of lipofuscin
to autoxidative tissue damage suggesting that lipofuscinis (at
least in part) a product of autoxidation [7]. The major sites of
lipid peroxidation damage for most cell types are at the mito-
chondrial and microsomal membraneswhich containrelatively
large amounts of PUFASs [8]. These peroxidized lipids are
thought to act as the principal precursors of lipofuscin dam-
age. In vivo, lipofuscin granules are continually exposed to
visible light (400-700 nm) and high oxygen tensions (70 mm
Hg), ideal conditions for the formation of reactive oxygen
species, with the potential to damage cellular proteinsand lipid
membranes. The possible role of lipofuscin in the develop-
ment of AMD will be presented.

A second site where photosensitization reactions may be
involved in the development of AMD is the choriocapillaris
[9]. It has been proposed that photoactivation of hemoglobin
precursors may occur in red blood cells passing through the
choriocapillaris. Activation of these precursors may generate
reactive oxygen species, e.g., superoxide, hydrogen peroxide,
and singlet oxygen, which may damage the RPE and Bruch’s
membrane. Evidence supporting the hypothesisthat AMD re-
sultsfrom aphotosensitizing injury to the choriocapillariswill
be outlined.

The different types of oxidants produced in cells require
that cells have antioxidant defense systems [10-12]. Antioxi-
dants may act at different levelsin the oxidation process, for
example, by preventing formation of initiating radicals, bind-
ing metal ions or removing damaged molecules. The major
cellular water soluble antioxidants are ascorbic acid (vitamin
C) and glutathione, with their biochemical/anti oxidant impor-
tance primarily related to their reducing potentials [13], and
enzymes such as superoxide dismutase and catalase [12]. The
major lipid-soluble antioxidants include vitamin E, retinoids
and carotenoids, the latter group including lutein and
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Figure 1. Schematic sequence of damaging reactions. The sequence
begins with either an oxidation, a photoxidation or a photosensitiza-
tion event and ends with a damaging reaction resulting in a disease.
It is proposed that oxidants and free radicals produced as aresult of
theseinitial events cause lipid peroxidation, the oxidation of critical
bonds in proteins and DNA strand breaks. Cells possess an armory
of protectants, including antioxidants and enzymes, that serve to
quench the oxidants and free radicals, thereby minimizing the dam-
age and the need for repair and replacement. In the case of light-
dependent damage to ocular tissues, such astheretinain AMD, dark
sunglasses will reduce exposure to sunlight.
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xeaxanthin which selectively accumulate in the macular and
account for the yellow color observed in this region of the
retina [14-18]. The health of the RPE and visual cellsis de-
pendent on their ability to metabolize free radicals, lipid hy-
droperoxides and other potentially toxic compounds. Consid-
erable effort has been expended to ascertain the role of these
antioxidants in protecting the retina and RPE from oxidative
damage [19], and the National Eye Institute has alarge ongo-
ing multicenter collaborative clinical trial (AREDS) to assess
the potential benefit of antioxidant supplement in AMD. One
such focus has been on the potentially beneficial role of glu-
tathione in protecting RPE cells from oxidative damage, and
results of these experiments will be summarized.

Figure 1 presentsageneric schematic (and admittedly in-
complete) diagram of the kinds of reactions (the Damaging
Sequence) that may beinvolved in the development of oxida
tive damage which may lead to AMD. Figure 1 al so showsthe
armory of protectants, dark sunglasses to minimize exposure
to sunlight, antioxidants (glutathione, vitamin C, vitamin E,
carotenoids) and antioxidant enzymes (gl utathione peroxidase,
catalase, superoxide disumutase), and mechanisms for repair
and replacement of damaged molecules. The damaging reac-
tions begin with an oxidation, a photooxidation or a photo-
sensitizing event, which increases the production of oxygen-
dependent radicals or reactive species. These species alter
structures of macromol eculesto yield peroxides, oxidized pro-
teins and DNA strand breaks, precursors of disease and cell
death. At this time, it remains unclear whether oxidation is a
causative factor in the progression of AMD. Nevertheless,
evidence will be presented in the following sections suggest-
ing that phototoxic reactions in the RPE and choroid are an
ongoing threat to the health and survival of the photoreceptor
cells and the RPE, and ultimately to vision.

BIOCHEMISTRY OF OXYGEN AND ITSCOMMON
METABOLITES
Figure 2 shows some fundamental features of the chemistry
of oxygen and four common oxygen metabolites: superoxide
anion, hydrogen peroxide, hydroxyl radical and singlet oxy-
gen. Clearly, there are anumber of mechanisms by which oxi-
dantsand freeradicals are generated. Each mechanism hasits
own pathway of producing freeradicalsand of quenching and
neutralizing the metabalite. It is important to point out that:
(1) aradical is a chemical species with an unpaired electron
and it can be neutral or negatively or positively charged, (2)
al radicals are not oxidants, and (3) all oxidants are not radi-
cals. Thus, superoxide anion (aradical species) reducesferric
ions (Fe*®) producing ferrous ions (Fe*?), which are more re-
active in lipid peroxidation systems, and hydrogen peroxide
(H,0, or HO-OH), an oxidant but not aradical. It can aso be
seen that the half-lives of these oxygen metabolitesvary greatly
from nanoseconds to minutes. Moreover, the reactive oxygen
species have different abilities to react with molecules. Su-
peroxide anion and hydrogen peroxide are not considered to
be as reactive as the hydroxyl radical, which is one of the
more reactive of al the free radicals. These reactive oxygen
speciesimpairing cell function by readily reacting with lipids
in membranes, surface proteins, and transmembrane glyco-
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proteins. Singlet oxygen is a particularly destructive oxygen
metabolite. Singlet oxygen is generated by photosensitization
reactions wherein a particular molecule (called a sensitizer)
absorbs light of a given wavelength, exciting the molecule.
Theincreased energy of the sensitizer, termed thetriplet state,
can be transferred to molecular oxygen creating singlet oxy-
gen, which can attack a membrane or other cell components.
Nature has countered these destructive phenomena with the
protective properties of carotenoids found in nearly al plants
[20,21]. Although carotenoids can scavenge other free radi-
cals, the primary function of carotenoids is to scavenge sin-
glet oxygen primarily produced by photosensitization. Thisis
believed to be the protective benefit of lutein and zeaxanthin
in the macular region of the retina.

While the chemistry of oxygen radicals is of interest
theoretically, the reality is that many of these molecules are
produced as byproducts of normal physiology. Figure 3 pro-
vides ashort list of endogenous sources of these oxidants and
freeradicals. Freeradical s can be produced by enzymatic gen-
eration of reactive oxygen when tissues are subjected to is-
chemia and then are reoxygenated. The respiratory burst is a
well known phenomenon in which inflammatory cells utilize
oxygen centered free radicals to kill microorganisms. Even
more pertinent to the retina/RPE/choroid complex are the ex-
amples highlighted in Figure 3. These endogenous sources
include mitochondrial metabolism, rod outer segment phago-
cytosis, lipofuscin phototoxcity and protoporphryin photosen-
sitization. Indeed, it iswell known that thereisahigh density
of mitochondriaand ahigh rate of respiration intheinner seg-
ments of rod and cone photoreceptor cells and that outer seg-
ment tips, with their high content of PUFASs, are phagocytosed
by the RPE [22-26]. It appearsthat retinal photoreceptorsand
the RPE livein an environment seemingly primed for oxidant
and free radical production, especially during the daylight
hours.
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Figure 2. Biochemistry of oxygen derived metabolites. The basic el-
ements and reactions by which oxygen is converted to a variety of
oxidantsand free radical s are shown. Major oxygen derived metabo-
lites include superoxide anion, hydrogen peroxide, hydroxyl radical
and singlet oxygen. Also shown is the approximate half-life (t,,) for
each metabolite.
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THE ANTIOXIDANTS/PROTECTANTS

Cells contain a number of antioxidants, which serve various
roles in the protection from the hazardous reactions initiated
by light, oxygen, and other stimulators of oxidative injury.
The major water-soluble antioxidant metabolites are glu-
tathione (GSH) and vitamin C. They carry out antioxidant
activities primarily in the cytoplasm and mitochondria. GSH
is a naturally occurring tripeptide that acts as a reductant of
peroxides either by a nonenzymatic reaction or by areaction
catalyzed by glutathione peroxidase [27]. The magjor activity
of GSH peroxidase is catalyzed by selenoenzymes that are
active on fatty acid hydroperoxides, phospholipid hydroper-
oxides, cholesterol hydroperoxides and hydrogen peroxide.
GSH can also be used to detoxify reactive adehydes gener-
ated from lipid peroxidation. Magjor properties of GSH include:
(1) it is stable in nitrogen; (2) it undergoes metal-catalyzed
oxidation; (3) its oxidation product, GSSG (oxidized glu-
tathione), is stable at physiological temperature and pH; (4)
neither GSH nor GSSG readily passes through membranes;
and (5) GSSG is reduced back to GSH by well understood
NA DPH-dependent pathwaysinvolving glutathione reductase
and cell metabolism of glucose (hexose monophosphate shunt
pathway) and other substrates. Table 1 shows that both GSH
reductase and glucose-6-phosphate dehydrogenase (G6PDH)
are present in rat retina, rat rod outer segments, bovine rod
outer segments, and cultured human RPE cells. Thus, these
cells have an active system for reducing GSSG back to GSH,
and maintaining its antioxidant capacity.

Vitamin C isthe second major water-sol ubl e antioxidant.
LikeGSH, vitamin Cisstablein nitrogen and undergoes metal-
catalyzed oxidation. The oxidation products are, however,
unstablein aqueous sol ution at physiological temperature and
pH [13]. Theinstability of dehydroascorbic acid (DHA, t,=3-
5minat pH=7.4 and 37 °C) isapotential problem sincethisis
the only oxidation product that is reduced back to vitamin C
in a GSH-dependent manner [13]. In an extensive series of
experiments, Winkler et a. [13] showed that the spontaneous

* Mitochondrial respiration: source of -O, and H,O, viathe electron
transport system 1-5% of oxygen consumed undergoes univa-
lent reduction to produce -O, by: (1) breakdown of
ubisemiquinone; (2) NADH dehydrogenation

* Phagocytosis of rod and cone outer segments by RPE

* Lipofuscin + bluelight yields -O,, 'O, and H,O,

* Endogenous porphyric photosensitizersin choroidal blood plusshort
wavelength light yield *O,

* Xanthine oxidase: hypoxialischemia/reperfusion, forms -O,

* NADPH-dependent oxidase system: phagocytosis (macrophages/
neutrophils), respiratory burst, an efficient source of -O,” and
H,0,

* Autoxidation of catecholaminesyields -O,

* Prostaglandins: Prostaglandin H2 synthase produces -O,” when
NADH or NADPH is available

Figure 3. Cellular sources of oxygen radicals. Listed above are a
number of enzyme catalyzed reactions and activities in cells which
areknown to produce oxidants and oxygen freeradicals. Particularly
relevant to the photoreceptor cell/RPE complex are the four activi-
ties highlighted in red.
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degradation of DHA limitsthe ability of cultured human RPE
cellsto regenerate vitamin C following an oxidative challenge,
unless vitamin C (or DHA) isincluded in the incubation me-
dia. The results suggested that transmembrane transport of
vitamin C (or DHA) isnecessary for maintaining itslevel and
antioxidant capacity in these cells.

In addition to these metabolites which serve as antioxi-
dantsin cells, cellscontain several water-soluble enzymesthat
also act as antioxidants. As already mentioned, glutathione
peroxidase catalyzes the reaction between GSH and H,0, to
produce GSSG and water. Also, H,0, can be converted to water
and oxygen by catalase. Glutathione peroxidase has a lower
K, for H,O, than does catalase, but the specific activity of
catalase can be many-fold higher than the specific activity of
glutathione peroxidase, especially at concentrations of perox-
ide greater than 1 mM. Though perhaps less well known, hy-
drogen peroxide can also be converted to water by direct re-
action with vitamin C; this reaction also resultsin the forma-
tion of DHA. Superoxide anion isreduced to hydrogen perox-
ide by enzymatic dismutation involving superoxide dismutase.
The H,O,produced by the action of superoxide dismutase can
then be converted to water by the several reactions discussed
above.

The principal lipid-soluble antioxidantsare vitamin E and
the carotenoids. Vitamin E is the mgjor chain-breaking lipid-
soluble antioxidant in membranes, and thusis expected to play
the most important role in minimizing effects of oxidation of
PUFAs. Both vitamin E and the carotenoids scavenge freeradi-
cals, particularly hydroxyl radical and singlet oxygen. The
salient characteristicsand structures of vitamin E and sel ected
carotenoids are shown, respectively, in Figure4 and Figure 5.
Both types of compounds are stable in nitrogen, but unstable
in oxygen. Vitamin E isrecycled by redox coupling with vita-
min C. The macular carotenoids, lutein and zeaxanthin, ab-
sorb blue light and protect against short wavelength damage

CH;
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o-Tocopherol
(Vitamin E)

Figure 4. Basic properties and structure of vitamin E. Keysfactsre-

garding vitamin E and its role as a scavenger of free radicals; the

structure of vitamin E.

* A group of eight fat-soluble compounds

* a-tocopherol isthe biologically most active form

* Absorbed into lymphatics from the intestines

* Protects lipids from peroxidative damage

* A chain-breaking antioxidant that reacts with -O,, *O,, peroxyl
(ROO:), and akoxyl (RO:) radicals

* Major lipid-soluble antioxidant protecting membranes and lipo-
proteins from injury

* Vitamin E- (radical form) isreduced back to Vitamin E by Vitamin
C
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to the RPE. Under “resting” conditions, the reduced forms of
the antioxidants typically account for 95-99% of their total
intracellular content. Thisisatribute to the remarkabl e capac-
ity of cellsto maintain an appropriate redox status, eveninthe
face of ongoing oxidative challenges. When the capacities of
the respective defense systems are overcome by a heightened
or prolonged oxidative challenge, the resultant change to a
more oxidized state is generally viewed as a hallmark of in-
cipient damage, and thisis a critical factor in the models of
oxidative damage and AMD.

PHOTOTOXICITY OF LIPOFUSCIN IN VITRO
The progressive lifelong accumulation of lipofuscinin highly
metabolic, postmitotic cellsisthought to contribute to awide
variety of age-related and pathological conditionsin man|[5,7],
however, there has been considerable debate as to how lipo-
fuscin affects cell function. Some consider lipofuscinto bean
inert substance that acts directly by congesting the cytoplasm
(lipofuscin can occupy up to 30% of cell volume in certain
tissues[7]), while others propose that lipofuscin istoxic, act-
ing asasource of reactive oxygen species[5,28-30] or rel eas-
ing lysosomotropic amines [31]. There are also severa lines
of evidence suggesting that vitamin A metabolites (major com-
ponents of photoreceptor outer segements) are also important
in the development and photoreactivity of lipofuscin [31-33].
First, the accumulation of lipofuscin in rats is dependent on
the dietary level of vitamin A [34]. Second, analysis of the
major solvent extractable fluorophore of lipofuscin isthought
to arise as a Schiff’s base reaction product of retinaldehyde
and ethanolamine [31,35]. Thus, lipid peroxides and vitamin
A are both likely to be major substrates in lipofuscin forma
tion in the RPE.

Boulton et a. [36] demonstrated RPE lipofuscin to be a
photoinducible free radical generator. White light irradiation
of RPE lipofuscin granulesresultsin the production of super-
oxide anions, their rate of production increasing with increas-
ing light intensity. The effect iswavel ength dependent; super-
oxide anion generation is greatest in granules exposed to blue
light (400-520 nm) as compared to red light (660-730 nm) or
full white light. Subsequent studies found that under aerobic
conditions, in addition to superoxide anion, lipofuscin isalso
capable of photo-generating significant quantities of avariety
of reactive oxygen species including singlet oxygen, hydro-
gen peroxide and lipid hydroperoxides [37-39]. Using laser
flash photolysis, it was shown [31] that both lipofuscin and a
synthetic fluorophore (A 2E) produce excited triplet statesand
radical specieswith lifetimes sufficiently long to allow inter-
action with other molecules of biological significanceinclud-

TABLE 1. ENZYMES INVOLVED IN RECYCLING OF GLUTATHIONE

G ut at hi one
Reduct ase

d ucose- 6- phosphat e
Dehydr ogenase

Ti ssue

Rat retina 25 22

Rat rod outer segnents 30 20
Bovi ne rod outer segnents 25 25
Human RPE 20 20

Activities expressed as nmolesmin/mg protein. Each value is the
average of at least 4 individual experiments, and standard deviations
were always less than 15% of the means.
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ing ground state singlet oxygen (°*0,) [40]; this is in agree-
ment with Gaillard et al. [39]. Thisreaction has been observed
with the formation of excited singlet oxygen (*O,) which is
well established as a strong oxidizing and damaging species
that can react with DNA, protein and lipids, compromise cell
function, and contribute to cellular aging. Furthermore, the
action spectrum of singlet oxygen formation by hydrophobic
components of lipofuscin indicate that this processis strongly
wavelength-dependent and its efficiency decreases with in-
creasing wavelength by a factor of ten, comparing 420 nm
and 520 nm [38].

The light-induced generation of reactive oxygen species
by lipofuscin supports the hypothetical relationship between
light irradiation, aging changes in the retina and retinal de-
generation [41]. While it is difficult to compare the effect of
chronic low level light (lessthan 0.1 mW/cm?) with short in-
tense exposures, it is clear that both may contribute to the for-
mation of reactive oxygen species from lipofuscin. Under the
conditions used (light exposure=1 mW/cm?) it is possible to
make the following extrapol ations with respect to superoxide
anion [36]: (1) that onelipofuscin granule can produce 8 x 100
¥ mol superoxide anion/min; (2) since 1 mol = 6.02 x 10%
moleculesthen asingle granule is capable of producing 4.8 x
10° superoxide molecules/min; and (3) if the average volume
of the cell is 2000 pm? and up to 19% of that volumeis occu-
pied with lipofuscin granules [6] of 1 um in diameter then
each RPE cdll has the capacity of generating 3.5 x 10° super-
oxide aniong/cell/min. This high level of free radical produc-
tion may explain why the RPE contains a high concentration
and wide variety of antioxidants [5,13].

The spectral dependence of reactive oxygen species gen-
eration by lipofuscin (production being greatest in granules
exposed to blue light as compared to other regions of the vis-
ible spectrum) may explain the so-called “blue light hazard”
to the retina. At wavelengths below 550 nm, extended irradi-
ances produce actinic or photochemical lesions but are too
low to produce thermal effects[42]. These photochemical le-
sions are prominent at the level of the RPE and it has been
noted that the action spectrum for “blue light damage’ is
grossly similar to the broad band absorption spectra of both
melanin [41] and lipofuscin [5,43]. Analysis of blue light
photoreactivity in freshly isolated human RPE cells demon-
strates a marked increase in the rate of oxygen photo-uptake
as donor age increases and that this photo-uptake is predomi-
nantly due to lipofuscin [37]. These observations suggest an
adverse functional role for lipofuscin in the cell and may ex-
plain the association between high levels of lipofuscin and
AMD. The RPE is particularly rich in antioxidants and these
may be sufficient to detoxify any reactive oxygen species
[5,13,28]. Conversely, the antioxidants may beinsufficient to
detoxify al theradicals and there may be an insidious buildup
of oxidative damage throughout life that only manifestsitself
in the aged.

It has also been observed that lipofuscin-photosensitiza-
tion reactionslead to enhanced intragranular lipid peroxidation
as measured by accumulation of lipid hydroperoxides and
malondialdehydein illuminated pigment granules[37,44]. This
peroxidation correlateswith “ bleaching” whereby the chloro-
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form soluble fluorophores normally associated with lipofus-
cinare no longer present. More importantly, lipofuscinisalso
capable of extragranular peroxidation of lipids and enzyme
inactivation. Freshly isolated lipofuscin granules incubated
with visible light induce a30% increasein lipid peroxidation
compared to controls. Incubation of granuleswith antioxidant
(catalase) and lysosomal (acid phosphatase) enzymes, in the
presence of light, produce a 50% and 30% decrease in activ-
ity, respectively. Lipid peroxidation and loss of enzyme activ-
ity could be prevented by antioxidants confirming that the
photodamage caused by lipofuscin is due to reactive oxygen
Species.

Studies of the phototoxic potential of lipofuscin, uncov-
ered using photophysical assays, were subsequently extended
to a cellular system. Two approaches were used; the first to
generatelipofuscin-like granulesin cultured RPE cellsby feed-
ing rod outer segments to the cells [45] and the second to
repigment cultured RPE cells by feeding them isolated hu-
man lipofuscin granules [46]. Thefirst approach was deemed
inappropriate once it was determined that the accumulated
autofluorescent granules, while having some spectra similari-
ties with native RPE lipofuscin, exhibit major differencesin
solubility and chromatographic mobility of the constituent
fluorophores [33]. Thus, al further studies were undertaken
on repigmented RPE cédlls.

Lycopene

P-carotene

Soaaee Nt

Zeaxanthin

w .
HO

Lutein

WOH
HO

Figure 5. Basic properties and structures of carotenoids. Basic prop-
erties of the macular carotenoids lutein and zeaxanthin; the struc-
tures of the macular carotenoids are shown with other carotenoids
for comparison.

* Absorb bluelight, protective against short wavelength visible light
* Quench singlet oxygen

* Quench triplet state of photosensitizers

* |nhibit autoxidation of lipids

* B-carotene, an effective antioxidant at low P O,; assume same for
macular carotenoids

* Undergo autoxidation

* Small amount of oxidation products detected in normal human and
monkey retinas
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In brief, cultured human RPE cells fed isolated lipofus-
cingranules (300 granules/cell) and control cellslacking gran-
ules were either maintained in the dark or exposed to “blug”
light (400-550 nm) or “amber” light (550-800 nm) at irradi-
ances of 0.1-2.8 mW/cm? at 37 °C for up to 14 days. Cells
were then assessed for alterations in morphology, cell viabil-
ity, lysosomal stability and lipid peroxidation. Exposureto both
blue light and lipofuscin led to a time-dependent loss of cells
from the monolayer with the remaining cells exhibiting a
change in cell morphology, increased vacuolation and mem-
brane blebbing [47]. Cell viability was decreased in a time-
dependent manner as compared to control cells; a 1.5-fold
(p=0.01) and 2.5-fold (p=0.001) reductionin cell viability was
observed at 24 and 48 h, respectively, together with an associ-
ated loss of lysosomal stability (Figure 6). This was associ-
ated with a two-fold increase in the lipid peroxidation
endproducts, malondial dehyde and 4-hydroxynonenal. Mor-
phological changes in compromised cells were indicative of
apoptosis. Control cultures were unchanged. Cells exposed to
lipofuscin and “amber” light remained viable throughout the
experimental duration, indicating that the phototoxic effect
was wavelength specific.

In conclusion, there is now compelling evidence that li-
pofuscin isaphotoinducible generator of reactive oxygen spe-
cies that can compromise lysosomal integrity, induce lipid
peroxidation, and cause RPE cell atrophy. These observations
support arole for lipofuscin in RPE aging and the develop-
ment of AMD.

AMD AND PHOTOSENSITIZATION
Photosensitization is a mechanism that can destroy tissue by
utilizingartificial photosensitizersto treat certain types of can-
cersand vascular formations. But does photosensitization cause
disease in humans? In certain porphyrias, photosensitization
occurs that can cause damage in sun exposed areas, such as
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the skin [48]. It has recently been proposed [9] that AMD re-
sults from a photosensitizing injury to the choriocapillaris;
chronic low level exposure of reactive oxygen to the
choriocapillary endothelium induces Type IV collagen syn-
thesis which in turn thickens Bruch’s membrane and
choriocapillary septa. Compromised blood supply totheretina
has been postulated by othersto play arole in drusen forma-
tion and the development of AMD [49].

Gottsch et . [50] have developed an animal model of a
chronic low level photosensitizing injury to the
choriocapillaris. A mouse model of protoporphyria was used
for the development of thickening of Bruch’s membrane and
the choriocapillary endothelial basement membrane [51]. In
the mouse model of protoporphyria, with an approximately
10-fold increase in protoporphyrin I X and exposure to blue
light (380-430 nm, 14uW/cm?), atime and light dependent
increase in choriocapillary and subretinal RPE basal laminar-
like deposits was demonstrated (Figure 7). At seven months
protoporphyric mice exposed to blue light exhibited a 100%
thickening of Bruch’'s membrane when compared to controls
(Figure 8). This thickening extended around the entire base-
ment membrane of the choriocapillary endothelium. A thick
band of homogeneous el ectron-dense material was seen at the
level of the choriocapillary basement membrane aswere el ec-
tron-densefibrillogranular deposits of varying sizesalong the
inner aspect of Bruch’smembrane (Figure 9). Importantly, the
ultrastructure of the RPE and the rod outer segments demon-
strated no evidence of light-induced degeneration or other
abnormalities in experimental animals or the light and dark
controls.

Using pre-embedding electron-immunocytochemical
staining to demonstrate Type IV collagen, the basement mem-
brane of the choriocapillaris and RPE of light-treated
protoporphyric mice was compared with that of light-treated
control animals. The data showed intense Type IV collagen
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Figure 6. Histogram demonstrating the phototoxicity of lipofuscin.
Lipofuscin-fed RPE cells were either maintained in the dark (black
bars) or exposed to light (gold bars): A. blue light (400-550 nm); B.
amber light (550-800 nm) for up to 48 h. Cell viability was deter-
mined using the MTT assay [47]. Vertical bars represent standard
error of the mean.
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Figure 7. Choriocapillaris in a mouse model of protoporphyria. In
the mouse model of protoporphyria with approximately a 10-fold
increase in protoporphyrin IX and exposure to blue light (380-430
nm, 14 pW/cm?), a time and light dependent increase in
choriocapillary and subretinal pigment epithelial basal laminar-like
deposits are demonstrated (see arrows).
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specific staining of basement membrane of the choriocapillaris
with intense staining around choriocapillary endothelial fen-
estrations (Figure 10). Only very weak staining of the RPE
basement membrane occurred in protoporphyric mice. The
TypelV collagen of basement membrane of the capillaristhick-
ened with moreirregularities suggestive of excessive TypelV
collagen deposition. However, therewas no significant change
inthe staining intensity of TypelV collagen in basement mem-
brane of the RPE of light-treated protoporphyric micein com-
parison to light-treated control animals on standard diet.
Additional experimentswere conducted using longer-term
light exposures of cellsin culture. Fetal bovine aortic endot-
helial and RPE cells were incubated with the photosensitizer,
protoporphyrin IX (PP 1X) with 116 x 10° lumens/cm? in a
light irradiating incubator with feedback control to maintain
the temperature at 37 °C. *H-proline and L-proline (1 mM)
were added to the media for a consistent labelling environ-
ment. A physiologic concentration of PP1X of 1.5 pg/ml was
used at which cell growth was minimally retarded and cell
culture morphol ogic appearance was unchanged. Separate cell
pelletswere processed for total and non-collagen proteins. Blue

Figure 8. Normal choriocapillarisin mouse. In dark controls, no in-
crease of the choriocapillary basement membrane was noted.

Figure 9. Sub-retinal pigment epithelial deposits in a mouse model
of protoporphyria. Protoporphyric mouse model exposed to bluelight
demonstrates sub-retinal pigment epithelium fibrillogranular deposit
(white arrow) with fibrils measuring up to 16 nm with a periodicity
of 13 nm.
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light filtration experiments were performed utilizing a steep-
cut off color filter with a band width of 480-900 nm. 3-caro-
tene was obtained as beadlets and suspended in deionized
water. Collagen synthesis was increased with light and PP I1X
when compared to cellsexposed to PP 1X and dark (p=0.0004),
controls in light (p=0.003), and controls in dark (p=0.003);
comparisons use atwo-tailed Student’st-test (Figure 11). The
use of ablue light filter eliminated radiation beneath 450 nm.
Total energy delivered remained the same by increasing the
irradiation of longer wavelengths.

Certain predictions can be made about this model. The
model predictsthat AMD isrelated to sunlight exposure. The
accumulative amount of total sunlight exposure may not be
important, but the amount of exposure of photosensitizing
wavelengths may be. If porphyrins are involved as the photo-

Figure 10. Type IV collagen staining of choriocapillarisin a mouse
model of protoporphyria. Intense Type IV collagen specific staining
of basement membrane of the choriocapillaris especialy notable
around chroiocapillary endothelia fenestrations.
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Figure 11. Enhancement of collagen synthesisfollowing photosensi-
tization. Collagen synthesis was increased with light and PP IX ex-
posure when compared to cellsexposed to PP 1 X and dark (p=0.0004),
controlsinlight (p=0.003) and controlsin dark (p=0.003; Figure 10).
The use of a blue light filter eliminated radiation below 450 nm.
Total energy delivered remained the same by increasing intensity
irradiation of longer wavelengths.
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sensitizing agents, then the Soret band (390-440 nm) in the
bluelight region would necessarily beinvolved. Although the
literature for sunlight exposure and AMD is conflicting, there
isevidence by Taylor et a [52] which indicatesthat in astudy
of Chesapeake Bay Waterman, there was a correlation of ad-
vanced AMD and blue light exposure. Thus, light, particu-
larly in a certain band, may be important in the etiology of
this disease.

The model predicts that carotenoids would be protective
in AMD. In amulticenter study sponsored by the NEI of risk
factors for the development of neovascular AMD, a decrease
of serum carotenoids was found to be highly significant for
patients with this disease [53]. As aready mentioned, caro-
tenoids are best known for their ability to scavenge singlet
oxygen, and photosensitization reactions are a major source
of singlet oxygen. The model also predicts that the disease
would be more prevalent in lightly pigmented individuals
where the RPE has fewer melanosomes. This pigment, pre-
sumably, would block the penetration of the photosensitizing
wavelengths to the choriocapillary endothelium. Racia dif-
ferences have been observed between blacks and whites in
the prevalence of AMD [54], and AMD isless frequently ob-
served in darkly pigmented eyesversuslightly pigmented eyes.

Themaodel aso predictsthat the site of the primary injury
isnot the RPE, but isthe choriocapillaris. Histopathol ogic stud-
ies of the aging retinademonstrate thickening of Bruch’smem-
brane with choking of the choriocapillary network, pathologic
changes preceding the devel opment of ophthalmaoscopic evi-
denceof AMD. Most importantly, in arecent study of Bruch's
membrane and the choriocapillaris comparing aged maculae
with those with advanced AMD, those patients with advanced
AMD had significantly greater shrinkage of the choriocapillary
network with a decrease in choriocapillary density [55]. This
resultant compromise of blood flow to the retinahas been sug-
gested by a number of investigators to be involved in drusen
formation and the development of AMD.

Finally, the model predicts that Type IV collagen would
be found in the thickened Bruch’s membrane of patients with
AMD. Interestingly, in the mouse model of skin photosensiti-
zation, Type IV collagen formation around dermal capillaries
was demonstrated [56]. In recent studies of immunolabelling
for TypelV collagen and lamininin aged human macula, Type
IV collagen is strongly positive in basement membranes of
the choriocapillaris[57]. In another study, gross thickening of
the choriocapillaris basement membrane was attributed to the
deposition of TypelV collagen [58]. The study concluded that
only the deposition of Type IV collagen contribute to age-
related thickening of Bruch’s membrane.

In summary, amodel of the pathogenesis of AMD is pro-
posed based on a photosensitizing injury to the choriocapillaris.
The model was able to produce certain pathological features
found in AMD such as a thickened basement membrane and
fibrillar basal laminar-like deposits in the RPE.

GLUTATHIONE, OXIDATIVE INJURY, AND THE
RPE
Sternberg et al. [59] have assessed the effects of incubating
cultured human RPE cdlIswith t-butylhydroperoxide (t-BHP).
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Their results indicated that GSH and its amino acid precur-
sors both protect against oxidative injury. Protection afforded
by the amino acids appears to be mediated through GSH be-
causetheindividual amino acids do not protect and inhibition
of GSH synthesis eliminates the protection. Additional stud-
ies showed that exogenous GSH also acts against t-BHP-in-
duced injury, apparently by a mechanism different from that
provided by the amino acids. This is based upon the lack of
effect of inhibitors of GSH synthesis and degradation on the
protection by GSH. In addition, intact GSH is not taken up by
RPE cells and the concentration of GSH required for protec-
tionisonly one-tenth of the concentration of amino acids that
is needed [60].

The data suggest that exogenous GSH may function by
protecting the extracellular surface of cellsfrom oxidants. One
possible mechanism for this protection involves stabilization
of the cell membrane and protection of membrane proteins
such asintransport systems. However, experimentshavefailed
to demonstrate that GSH has any effect on the activity of the
Na-K ATPase, with or without treatment of RPE cells with t-
BHP. Further, GSH did not protect against oxidativeinjury by
increasing the rate of peroxide elimination from human RPE
cells (Sternberg, unpublished observations).

Samiec et a. [61] evaluated the concentration of GSH-
related thiol levels in plasma. While plasma GSH decreases
with age, there is a concomitant increase in the content of
GSSG. There was also a strongly significant age-dependent
change in the redox status (E,) of the ratio of GSH to GSSG
(Figure12), and anincreasein plasmacystine levelswith age,
suggesting that the overall redox status of GSH/GSSG tended
to become more oxidized. The levels of GSSG and total glu-
tathione (GSH + GSSG) were measured in two age-matched
cohortsof patients: one group with AM D and the second group
with retinal diseases other than AMD. A significantly lower
level of plasma GSH was found in older individuals (AMD,
diabetes, controls) than in younger individuals. Total glu-
tathione was significantly lower only in diabetics.
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Figure 12. Shift in glutathione redox status with aging, AMD, and
diabetes. Cal culated redox potential (E,) for GSH pool in blood plasma
of younger and older controls and patients with AMD or diabetes.
Values for E, were calculated as E = E  + RT/ZF In ([GSSG]/
(2[GSH])) where E wastaken as0.24 V [61], R isthe universal gas
congtant, T isthe absolute temperature, Z isthe valence, and F isthe
Faraday constant.
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Attempts have also been made to manipulate the GSH
content in RPE cells. When administered orally, GSH is poorly
absorbed into the blood. When administered in tissue culture,
GSH is not transported into human RPE cells. Preliminary
studies with the monofunctional inducer, dimethylfumarate
(DMF), have shown that this agent stimulates GSH synthesis
and elevates intracellular GSH levels in a dose dependent
manner. GSH levelsin RPE cells rose in concert with an in-
crease in the expression of mMRNA for the enzyme y-glutamyl
cysteine ligase, the rate limiting enzyme in GSH synthesis.
DMF also protected cultured RPE cells from oxidative injury
in the absence of GSH (Figure 13). However, when the time
course of GSH stimulation was examined, there appeared to
be an initial decrease in intracellular GSH that preceded the
elevationin concentration. Morerecently, Sternberg et a. (un-
published observations) have used another inducer, the
antischistomal agent, oltipraz. Thiscompound has been shown
to increase intracellular levels of GSH in other cell systems
and it also appears to induce an increase in GSH content in
RPE cells. Initial indications are that oltipraz does not cause
an early decline in GSH content, as was found with DMF.
These studies suggest a potential role for these inducers in
promoting GSH antioxidant activity without direct supplemen-
tation with GSH or amino acid precursors required for the
synthesis of GSH.

Inafinal set of preliminary experiments (Sternberg, un-
published observations), cultured human RPE cells were ex-
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Figure 13. Dimethylfumarate protects cultured RPE cells from oxi-
dative injury. A 24 h pretreatment with 0.1 mM dimethylfumarate
(DMF) protects cultured human RPE cells from oxidative injury as-
sociated with a toxic dose of tertiary butyl hydroperoxide (tBHP).
Viability of cellswas determined by measuring the extent of leakage
of lactic acid dehydrogenase from the cells into the incubation me-
dia
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amined for morphological and biochemical changes associ-
ated with apoptosis under oxidant conditions. These studies
showed that t-BHP causes a number of changesin RPE cells
including caspase activation, nuclear condensation, TUNEL -
positive staining, and the appearance of phosphatidylserine
onthecell surface. All of thesefindings are consistent with an
oxidant-induced apoptotic mechanism of cell death. Mitochon-
driarecently have been found to play animportant rolein sig-
naling apoptosis [62]. With aging, mitochondria in post-mi-
totic cells such as the RPE are known to accumulate large
deletions and rearrangements in mitochondrial DNA [63]. In
this regard, RPE cells treated with t-BHP show an early de-
clineinthe mitochondrial membrane potential, suggesting the
involvement of atransitionin mitochondrial permeability [64].
Furthermore, cytochrome c is released in association with the
loss of the mitochondrial membrane potential, and caspase
activation occurs over atime course consistent with cleavage
of proteins which may contribute to the morphological pic-
ture of apoptosis [65]. These findings suggest that oxidant-
induced apoptosis may beinitiated as a consequence of a per-
meability transition in the mitochondria.

In summary, at this time there is no clearly established
understanding of the etiology or pathogenesis of AMD and no
effective treatment for the vast mgjority of patients. Experi-
ments have been designed to eval uate the mechanismswhereby
GSH protects RPE cells against oxidative damage. Oneinter-
esting approach is to use dietary inducers to stimulate GSH
synthesis, asameansto elevate the level of thisantioxidantin
targeted cells. Finally, studieson human plasmashow that with
aging there is a shift in the GSH redox potential to a more
oxidized state, increasing theratio of GSSG to GSH, and plac-
ing all tissues at risk for age-related diseases, such asAMD.
Current work on this theme is focused on evaluating the best
way to manipulate the thiol redox state to enhance protection
against oxidative injury.

SUMMARY
Reactive oxygen species cause oxidative damage to cytoplas-
mic and nuclear elements of cells and cause changes to the
extracellular matrix. The degree of oxidative damage is re-
stricted by a range of potent antioxidants and the repair of
damaged elements. However, some oxidative damage will
occur and accumulation of this damage throughout lifeis be-
lieved to be a major contributory factor in tissue aging. The
retinais atypical example in which oxidative damage mani-
festsin what weterm “retinal aging” and includesloss of reti-
nal cells, accumulation of lipofuscin within the RPE, drusen
formation, accumulation of degradative products in Bruch's
membrane and changes in choroidal capillaries. Once these
changes become excessive they are believed to contribute to
the onset of AMD. This article supports the hypothesis that
thereisalink between oxidation-induced events and the onset
of AMD with the demonstration that: (1) the “age pigment”
lipofuscin can be phototoxic to RPE cells, (2) both endog-
enous and exogenous glutathione play amajor role in protec-
tive RPE cells against oxidative injury, (3) carotenoids pro-
tect against oxidative damage, and (4) oxidative damage to
the choriocapillaris of miceleadsto pathol ogical changessimi-
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lar to those seen in AMD. Unequivocal proof is difficult due
to the complex pathobiology of AMD and its restriction to
human primates; it is hoped that ongoing clinical trials with
antioxidants will clarify the issue in the near future.
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