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ABSTRACT.

The pathogenesis of age-related maculopathy (ARM), the most common cause of

visual loss after the age of 60 years, is indeed a complicated scenario that involves

a variety of hereditary and environmental factors. The pathological cellular and

molecular events underlying retinal photochemical light damage, including photo-

receptor apoptosis, have been analysed in experimental animal models. Studies of age-

related alterations of the retina and photoreceptors, the accumulation of lipofuscin in

retinal pigment epithelium (RPE) cells, and the formation of drusen have greatly

contributed to our knowledge. A new concept of an inflammatory response to drusen

has emerged, suggesting immunogenic and systemic reactions in Bruch’s membrane

and the subretinal space. Oxidative stress and free radical damage also impact on the

photoreceptors and RPE cells in the ageing eye. Based on the photoelectric effect, a

fundamental concept in quantum physics, the consequences of high-energy irradiation

have been analysed in animal models and cell culture. Short-wavelength radiation

(rhodopsin spectrum), and the blue light hazard (excitation peak 440 nm), have been

shown to have a major impact on photoreceptor and RPE function, inducing photo-

chemical damage and apoptotic cell death. Following cataract surgery, there is a

dramatic change in ocular transmittance. In aphakic or pseudophakic eyes (with clear

intraocular lenses), high-energy (blue) and ultraviolet-A radiation strikes the retina.

Epidemiological data indicate a significantly increased 5-year incidence of late ARM

in non-phakic eyes compared with phakic eyes. In recent years, putative prophylactic

measures against ARM have emerged. The implantation of ‘yellow’ intraocular lenses

(IOLs) that absorb high-energy blue radiation is, from a theoretical point of view, the

most rational approach, and, from a practical point of view, is easy to accomplish.

With increasing age, RPE cells accumulate lipofuscin (chromophore A2E). It is

noteworthy that the yellow IOL not only protects A2E-laden human RPE cells

from blue light (peak 430 nm) damage, but also alleviates the detrimental effects of

green (peak 550 nm) and white light. A prophylactic treatment using antioxidants is

aimed at counteracting oxidative stress and free radical cellular damage. The Age-

Related Eye Disease Study (AREDS), a randomized clinical trial, showed a signifi-

cantly lower incidence of late ARM in a cohort of patients with drusen maculopathy

treated with high doses of antioxidants than in a placebo group. In recent years,

considerable progress in retinal research has been achieved, creating a platform for the

search for new prophylactic and therapeutic measures to alleviate or prevent photo-

receptor and RPE degeneration in ARM.
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Introduction

It has long been speculated that visible
light, even of ordinary everyday inten-
sity, may cause retinal damage or con-
tribute to the development of early and
late age-related maculopathy (ARM).
However, there are indications in
some epidemiological studies that
exposure to sunlight may be associated
with the development of ARM
(Cruickshanks et al. 1993, 2001).
Extensive work in animal models and
other experimental settings, such as cell
culture, has unequivocally shown that
visible light can cause retinal cellular
damage to the photoreceptors and
retinal pigment epithelium (RPE).
Accumulating evidence indicates that
in aphakic or pseudophakic eyes,
there may be an increased risk of light
damage to the retina, and particularly
in response to blue light irradiation.

Photochemical retinal
light damage

Ocular transmittance of radiation in young

and elderly human eyes

Optical radiation includes ultraviolet
light (100–400 nm), visible light
(400–750 nm) and infrared radiation
(750–10 000 nm). Most ultraviolet
radiation below 295 nm is absorbed
by the cornea, whereas ultraviolet-B
(UVB) (280–315 nm) and ultraviolet-
A (UVA) (315–400 nm) are blocked
by the lens. However, a fraction of
radiation with wavelengths shorter than
400 nm (centred at 320 nm) does reach
the retina (Boettner & Wolter 1962).

In the young eye, ocular transmit-
tance is very high, reaching close to
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90% at 450 nm. The transmittance of
elderly lenses is much lower and has
considerable interindividual variation,
but generally does not reach 70–80%
until wavelengths of 540 nm. This is in
contrast with aphakic eyes, in which
substantial energy from radiation of
wavelengths longer than 310 nm, thus
including UVA, will strike the retina.

The photoelectric effect

At the birth of quantum physics a cen-
tury ago, it was suggested that the
energy of a photon is proportional to
its radiation frequency: E ¼ nf (where
n ¼ Planck’s constant, f ¼ radiation
frequency) (Planck 1900; quoted in
Benson 1991). The photoelectric effect
(Einstein 1905; quoted in Benson 1991)
demonstrates that the high energy of
short-wavelength radiation, such as
X-rays, UV and blue light, has the
capacity to induce an electric current
from certain metal bodies. In contrast,
longer wavelengths with low energy
quanta (e.g. > 600 nm) are insufficient
to produce a photoelectric effect in the
experimental setting (Fig. 1). In recent
years, the biological effects of different
frequencies of radiation to the eye have
been analysed and defined in some
detail.

Photochemical class I damage

It was demonstrated long ago that rela-
tively low light intensities could
damage the retina in the experimental
animal when long exposure duration

was used. In the rat, this phototoxicity
had the spectrum of rhodopsin and
scotopic vision and displayed a degen-
eration of the rod photoreceptors
(Noell et al. 1966). The energy distribu-
tion of sunlight reaching the earth is
high in the rhodopsin spectrum
(Fig. 2).

Photochemical class II damage

When light of relatively high intensity
is used with short exposure time (min-
utes, hours), retinal damage will
increase in response to shorter wave-
lengths, that is the high energy portion
of the visible spectrum (400–500 nm).
This has been referred to as the ‘blue
light hazard’, and has an excitation
peak around 440 nm (Fig. 2). In pri-
mates, the resulting retinal damage
has been described as located in the
RPE layer (Ham et al. 1978). The
degree of retinal injury is dependent
on oxygen concentration and antioxi-
dants seem to reduce the light damage
(Organisciak & Winkler 1994).

Thus, both photoreceptors and RPE
cells may be damaged by light, but the
type of injury is modified by several
factors, such as intensity, duration,
intermittence of exposure to light, and
spectral distribution. Laube et al.
(2004) reported that a small fraction
of UV radiation (around 300 nm) is
transmitted by the crystalline lens
(Fig. 3). Generally, the first alterations
occur in the photoreceptor outer seg-
ments, followed by changes in the RPE
cells (Kuwabara & Funahashi 1976).
Whether rods or cones are affected
first seems to vary between different

species. In the rat, which has a predo-
minantly rod-based retina, the cone
photoreceptors survive despite a wide-
spread degeneration of rods (Cicerone
1976). However, in pigeons, which
have a predominantly cone-based
retina, the cone photoreceptors degen-
erate early, but this phenomenon may
reflect the slower renewal of cone outer
segments versus that of rods (Marshall
1985). Blue cones are particularly vul-
nerable when exposed to blue light
(Sperling & Johnson 1980).

Age-related alterations of
the retina

Population-based studies on the preva-
lence of ARM show a strong positive
correlation with both age and smoking
(Thornton et al. 2005). Retinal pigment
epithelium cells are post-mitotic cells
and should persist for the entire life of
the individual. Under normal condi-
tions, RPE cells do not divide, but
they are able to proliferate under cer-
tain pathological conditions, such as
retinal detachment. It has been calcu-
lated that each RPE cell will phagocy-
tose about 3 billion outer segment discs
during a 70-year lifetime (Marshall
1987).

There is an age-related loss of RPE
cells in the retina, and the number of
RPE cells is reduced, particularly in the
macular centre. The phagocytotic
workload must then be carried out by
neighbouring RPE cells in an attempt
to compensate for functional loss. In
addition, the density of melanosomes
in RPE cells decreases with age.
Melanin plays a role in scavenging
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Fig. 1. The photoelectric effect demonstrates

that, in a certain experimental setting, high-

energy quanta induce an electric current in

a metallic body, but low energy photons

(550–700 nm) are unable to induce a current.

Energy quanta in the blue light spectrum

(400–500 nm) have a much higher capacity to

remove electrons from molecules, creating

reactive oxygen species, than visible light in

the 500–600 nm range is able to. Radiation

frequency expressed in Hertz (Hz), energy in

joules (J) and electron volts (eV), wavelength

in nanometres (nm).
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Fig. 2. Spectrum of sunlight reaching the

earth. The visible light has a spectral range of

400–750 nm. The energy of the sunlight is high

in the rhodopsin spectrum. The high-energy

(short-wavelength) part of the spectrum (verti-

cal arrow) comprises blue and violet light and

is responsible for blue light hazard (excitation

peak around 440 nm).
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Fig. 3. Transmittance of ultraviolet radiation

in the eye. The cornea, vitreous and aqueous

transmit blue light and UVA radiation to the

retina. The crystalline lens absorbs part of the

blue light and most of the UVA radiation but

transmits a small fraction of UVA and UVB at

around 300 nm. (Reprinted by permission of

Laube et al.; Ophthalmology 2004; 111 : 884.)
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free radicals and is responsible for
absorption of light, thus minimizing
stray light (Holz et al. 2004a). There is
a continuous increase in intracellular
lipofuscin in the RPE cells over time,
which deteriorates cellular function
and makes the retina more sensitive to
radiation damage (Schütt et al. 2002).
Furthermore, the formation of drusen
in Bruch’s membrane may compromise
RPE cell function by impeding fluid
transport (Starita et al. 1997) and
inducing inflammatory responses
(Hageman et al. 2001). In animal
experiments, an increased susceptibility
to light damage was reported in older
rats compared with young control rats
(O’Steen & Anderson 1974), indicating
that the defence mechanisms in the
elderly retina are insufficient to prevent
cellular light damage. Accordingly, this
scenario makes the ageing human
retina, particularly the fovea, sensitive
to light damage, and all the more so as
the maximum irradiance falls on the
macular area, as has been previously
described (Algvere & Seregard 2002).

Rod photoreceptors seem to be more
vulnerable and suffer more significant
loss during ageing compared with
cones (Gao & Hollyfield 1992). In
human eyes, the number of rods was
found to reduce by approximately 30%
with age, whereas the number of cones
did not change significantly (Curcio
et al. 1993, 2000). Morphological
studies have indicated a greater loss
of rods in the macula than in the peri-
phery. This concept is supported by
recent investigations into the expres-
sion of the rod photoreceptor proteins
rhodopsin and arrestin, which showed
a significant decline in expression in the
macula, but not in the periphery, with
progression of ARM (Ethen et al.
2005). Whether this decline in rod den-
sity is genetic or whether it is related to
general senescence, radiation (light)
damage or other factors remains to be
determined.

Yellow macular pigments

The macula displays yellow pigments
of the carotenoid family, such as lutein
and zeaxanthine. These pigments are
located mainly within the Henle fibre
layer and have an absorbance spectrum
peaking at 460 nm; thus they act as
filters for blue light and UV radiation
(Krinsky et al. 2003). These carotenoids

are also excellent free radical scaven-
gers. Approximately one half of the
total carotenoids in the retina are
found in the macula. However, the
concentration of macular pigments
drops to half its value 1.5 degrees
from the fixation centre, thus confer-
ring substantial protection to the fovea
only (Kilbride et al. 1989).

It has been reported that the amount
of carotenoids is reduced in elderly eyes
(Gellermann et al. 2002). However, in
recent studies, no significant differences
in macular pigment density were found
with age or between the various stages of
ARM (Berendschot et al. 2002; Ciulla &
Hammond 2004; Jahn et al. 2005). It was
concluded that all findings to date are
associative only and there seems to be
no direct evidence that high macular pig-
ment levels confer a protective effect
(Davies & Morland 2004).

Lipofuscin

Lipofuscin is a hallmark of ageing, a
product accumulating in post-mitotic
cells, such as neurons, cardiac muscle
cells and RPE cells (Terman et al.
2004). Lipofuscin represents incomple-
tely degraded membrane material and
waste products. Ageing of cells is asso-
ciated with accumulation of lipofuscin
and decreasing activity of enzyme sys-
tems. Lipofuscin is thus considered a
biomarker for cellular ageing (autop-
hagy) and cumulative oxidative
damage (Schütt et al. 2002).

There is a continuous accumulation
of lipofuscin in RPE cells with ageing
and deteriorating cellular function. By
the ninth decade of age, lipofuscin
granules outnumber melanin granules
and a fusion of melanolipofuscin com-
monly occurs, occupying a substantial
part of the cytoplasmic space (Feeney-
Burns et al. 1980). The maximal distri-
bution of lipofuscin coincides with the
maximal distribution of rods (Marshall
1987). Accordingly, the fovea centralis
has a lower density of lipofuscin than
the parafoveal region, which in turn,
displays much more lipofuscin than
the peripheral retina (Delori et al.
2001). This fact may reflect the higher
cellular density coupled with the pro-
nounced irradiance of the macular
area, as compared with the peripheral
retina.

In areas with elevated concentration
of lipofuscin in the retina, RPE atrophy
may develop in human ARM (Holz

et al. 2001; Bindewald et al. 2005). A
concomitant reduced retinal sensitivity
in areas with elevated auto fluorescence
can be demonstrated on microperimetry
(Holz et al. 2004a), thus confirming the
cellular damage in this area of the retina.
By the use of autofluorescence in vivo,
the presence of lipofuscin was found to
precede subsequent development of exu-
dative ARM (Spaide 2003a; Schmitz-
Valkenberg 2004).

Lipofuscin contains different fluoro-
phores. A2E is a major retinoid
fluorophore, derived from vitamin
A-aldehyde and ethanolamine, and most
probably originating from oxidative
damage to the photoreceptor outer seg-
ments. Other components of lipofuscin
seem to be derived from free radical-
induced oxidation of polyunsaturated
lipids (Fig. 4).

Lipofuscin is associated with several
deleterious effects on cellular function.
It contains substances that inhibit lyso-
somal degradation (Eldred 1998), and
express photoreactivity (Wihlmark
et al. 1997). Lipofuscin generates reac-
tive oxygen species on photoexcitation
(Boulton et al. 1993; Gaillard et al.
1995) and is phototoxic to RPE cells in
culture (Davies et al. 2001). In addition,
it was recently reported that chloro-
form- insoluble components of human
RPE lipofuscin significantly increase
with age, and that these components
are likely to mediate the formation of
reactive oxygen species, particularly in
response to blue light (Rozanowska
et al. 2004).

Drusen

There is a conspicuous accumulation of
debris or waste products in the extra-
cellular matrix between the RPE and
the choroid (Bruch’s membrane).
Although they are mostly randomly
distributed in the macula, drusen
are likely to form in the perifoveal
retina, where the concentration of rod
photoreceptors is comparatively high.
Accordingly, at the edge of a geo-
graphic atrophy the formation of dru-
sen is often conspicuous, which is
believed to reflect rod damage (Holz
et al. 2004a).

Non-degraded material is extruded
from the RPE cells. Basal laminar
deposit is located between the RPE
plasma membrane and the basal
lamina. Basal linear deposit accumu-
lates between the RPE basal lamina
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and the inner collagenous layer of
Bruch’s membrane (Fig. 4B). Basal
linear deposit is the ultrastructural
correlate to soft drusen (Green &
Enger 1993; Curcio & Millican 1999).
The thickening of Bruch’s membrane
with cross-linking between the collagen
fibres and increasing lipid incorpora-
tion render a decreased hydraulic con-
ductivity and the membrane becomes
more hydrophobic, impeding fluid
transport (Starita et al. 1997; Guo
et al. 1999). The main resistance devel-
ops in the inner collagenous layer of
Bruch’s membrane, most likely due to
a progressive accumulation of lipid
deposits in this layer (Pauleikoff et al.
1990; Starita et al. 1997; Holz et al.
2004a). These lipids contain phospholi-
pids and neutral fats and show a con-
tinuous increase with age. The
peroxidized lipids seem to be derived,
at least partly, from polyunsaturated
fatty acids in the photoreceptor outer
segments (Spaide et al. 2003b).

Inflammatory response in
ARM

There is accumulating evidence that
local inflammation may exacerbate the
effects of the primary extracellular
deposits in Bruch’s membrane clini-
cally recognized as drusen. It is
known from general pathology that
foreign material deposited in the extra-
cellular space, sooner or later, is likely
to induce an inflammatory or immuno-
genic response. In surgically excised

subretinal fibrovascular membranes
from human eyes with late ARM,
inflammatory cells, such as macro-
phages and lymphocytes, are found
regularly (Seregard et al. 1994; Spraul
et al. 1999; Czaky et al. 2004). An activa-
tion of monocytes that express the angio-
genic tumour necrosis factor (TNF-a)
was recently demonstrated in patients
with ARM (Cousins et al. 2004).

Morphological investigations indi-
cate that cellular remnants, melanin
granules, lipofuscin and other debris
derived from RPE cells are extruded
to the inner collagenous layer of
Bruch’s membrane (Johnson et al.
2003). A new concept has emerged,
suggesting that immunogenic cells,
such as dendritic cells, participate in
the cellular response and that several
complement components are activated
(Hageman et al. 2001).

In an animal model of ARM, com-
plement activation and immune com-
plex deposition (IgG) in the RPE and
choroid accompanied senescence in
mice. These pathological events may
induce an infiltration of macrophages
that are supposed to aid in the clear-
ance of drusen. However, it was sug-
gested that impaired macrophage
recruitment may allow the accumula-
tion of complement C5a and IgG,
which induces vascular endothelial
growth factor (VEGF) production by
the RPE and mediates the development
of choroidal neovascularization (CNV)
(Ambati et al. 2003). This experimental
model implicates that impaired macro-
phage function in vivo allows the accre-
tion of proteins associated with

complement activation and immune
complexes in areas of basal linear
deposits and drusen. Impaired macro-
phage mobilization would prevent
clearance of basal linear deposits,
including drusen and a variety of
proteins.

This hypothesis is far from proven.
Other experiments suggest that macro-
phages may have a pivotal role; both
macrophages and RPE cells express
angiogenic cytokines in CNV
(Grossniklaus et al. 2002). A role for
local, chronic inflammation in the
formation of drusen in the ageing eye
has been proposed (Anderson et al.
2002, 2004). It is noteworthy, however,
that macrophage depletion diminishes
lesion size or inhibits experimental
CNV in an experimental mouse
model, supporting the hypothesis that
macrophages may even contribute to
the severity of the lesion (Espinosa-
Heidmann et al. 2003; Sakurai et al.
2003).

Factors have emerged that suggest
a genetic predisposition for ARM,
probably including certain constella-
tions of different gene mutations.
Bruch’s membrane is a stratified extra-
cellular-matrix complex that includes
fibulins, which are extracellular-matrix
proteins. Mutations in the fibulin 5
gene have been found in 1.7% of
patients with ARM (Stone et al.
2004). Recently, a variant in the com-
plement factor gene (CFH) on chromo-
some 1 was found to be strongly
associated with late ARM. The CFH
is a key regulator of the complement
system and the polymorphism is in a
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Fig. 4. Schematic illustration of ageing in RPE cells. (A) In response to radiation, the photoreceptor outer segments are subjected to the peroxidation

of their polyunsaturated lipids, their tips are shed and phagocytosed by RPE, digested in lysosomes; the residual bodies eventually form lipofuscin.

The short-wavelength radiation (blue light) will induce blue light damage, including oxidative mechanisms, mediated by lipofuscin chromophores, to

several vital structures such as mitochondria and DNA. (B) With increasing age, the amount of lipofuscin (red symbols) in RPE will augment

considerably, making the cell more vulnerable to irradiation and oxidative damage. Some undigested end-products are extruded from RPE cells to the

extracellular space (basal laminar deposit) and to Bruch’s membrane (basal linear deposit), in which a secondary inflammatory response may occur

(clinically recognized as soft drusen).

ACTA OPHTHALMOLOGICA SCANDINAVICA 2006

7



region of CFH that binds heparin and
C-reactive protein (Edwards et al.
2005; Haines et al. 2005; Klein et al.
2005). In addition, the complement
factor H, the major inhibitor of the
alternative complement pathway, accu-
mulates within drusen and is synthe-
sized by the RPE; multiple HF1
variants were reported occurring at a
frequency of 50% in ARM and 29% in
controls (Hageman et al. 2005).

To date it seems reasonable to
assume that inflammatory and immu-
nological responses operate in the
extracellular matrix between the RPE
and choroid, although the pathogenetic
mechanisms are far from clear.

Choroidal neovascularization (CNV)

Inflammatory response is likely to
induce further pathological changes,
including vascular alterations. An
increased expression of angiogenic
growth factors, such as VEGF, are pre-
sent in the RPE and in the outer
nuclear layer of the maculae with
ARM (Kvanta et al. 1996; Kliffen
et al. 1997). Macrophages, RPE cells
and vascular endothelial cells express
angiogenic cytokines and, in associa-
tion with other pathogenetic mechan-
isms, induce a neovascular response
(Grossniklaus et al. 2002).

The CNV generally grows into the
inner portion of Bruch’s membrane,
ultrastructurally recognized as the basal
linear deposit, an area into which perox-
idized lipids have accumulated (Spaide
2003b; Holtz et al. 2004). The patho-
genesis of CNV is ultimately a conse-
quence of a disturbed balance between
several pro- and antiangiogenic factors.
The extensive literature on angiogenesis
is not included in this survey.

Accordingly, intravitreal triamcino-
lone acetonide was found to inhibit
experimental CNV in a laser-treated
rat model (Ciulla et al. 2003), and
when photodynamic therapy was com-
bined with a triamcinolone injection,
favourable results were achieved in
human eyes with CNV (Spaide et al.
2005). It was recently reported that
C-reactive protein and interleukin 6,
markers of inflammation and indicators
of the risk of cardiovascular disease, are
elevated in neovascular ARM (Seddon
et al. 2004, 2005). Furthermore, neo-
vascular ARM seems to be associated
with cardiovascular disease (Age-
Related Eye Disease Study 2004).

Free radicals

Accumulating evidence indicates that
oxidative (free radical) damage is a
pathogenetic factor in ageing and has
a significant influence on the develop-
ment of ARM. It has been estimated
that approximately 3% of the oxygen
used produces reactive oxygen species.
Reactive oxygen species can be derived
from leakage of electrons from mito-
chondrial aerobic metabolism, and
include superoxide, hydrogen peroxide
and singlet oxygen.

Choroidal blood flow far supersedes
that required to nourish the neural
retina. Its venous blood flow is oxyge-
nated to 90%. In the submacular area,
choroidal blood flow is significantly
higher than in the periphery (Alm &
Bill 1973). Approximately 1% of the
oxygen in the blood is extracted from
the choroidal circulation, indicating
that there is a tremendous excess of
oxygen that is never used.

Due to the high blood perfusion rate,
the oxygen tension in the retina is very
high. Oxidative damage is likely to
occur in an environment of extremely
high oxygen tension, such as the centre
of the macula, which has a continuous
and lifelong exposure to radiation
(photons). Reactive oxygen species
(free radicals) are formed, particularly
in response to short-wavelength irra-
diation. Photoreceptor outer segments
are rich in polyunsaturated fatty acids.
The outer segments, altered by irradia-
tion, are phagocytosed by the RPE
cells, which may become damaged by
the engulfed reactive oxygen species.
Experiments show that rod outer seg-
ments mediate mitochondrial DNA
damage and apoptosis in human RPE
cells in tissue culture (Jin et al. 2001).
This scenario demonstrates the pivotal
influence of photoreceptor outer seg-
ments on RPE function.

Lipid peroxidation has been defined
as ‘the oxidative deterioration of poly-
unsaturated lipids’ (i.e. lipids that con-
tain more than double carbon� carbon
double bonds). Free radicals deterio-
rate lysosome function, giving rise to
byproducts such as lipofuscin. With
age, there is an increasing accumula-
tion of lipofuscin in the RPE cells,
featuring ARM. Lipofuscin accumu-
lates in the lysosomes of RPE cells
and is associated with several adverse
effects on RPE cell function and
survival.

A2E (N-retinidene-N-retinylethano-
leamine) is a major fluorophore of lipo-
fuscin and is generated, at least partly,
from transretinal. A2E generates free
radicals in response to irradiation, par-
ticularly by blue light. The formation
of reactive oxygen species will impair
the oxygen-driven activity in the mito-
chondria, the ‘power plant’ of the cell,
by altering its DNA. A2E specifically
targets cytochrome oxidase (COX)
inhibiting mitochondrial respiration
(Schütt et al. 2000; Sparrow & Cai
2001). Mitochondrial changes may, in
turn, lead to apoptosis of elderly RPE
cells that have become loaded with
lipofuscin.

The body has two lines of defence:

(1) antioxidant enzymes, such as
superoxide dismutase, catalase and
peroxidase, and

(2) antioxidant nutrients, such as
alpha-tocopherol (vitamin E) and
ascorbic acid (vitamin C).

However, with ageing the defensive
mechanisms of the body seem to
become insufficient. There is a contin-
uous increase in lipofuscin in post-
mitotic cells, particularly in the RPE,
reflecting the insufficiency of their
defence to oxidative damage.

It is reasonable to assume that when
the defensive mechanisms become
insufficient with increasing age, degen-
erative changes in RPE cells ultimately
occur in response to a lifelong exposure
to radiation and reactive oxygen spe-
cies (Barja 2002). Research on RPE
cells in tissue culture has identified sev-
eral pathogenetic cellular events, such
as the accumulation of lipofuscin and
other chromophores, which are likely
to mediate and aggravate mitochon-
drial DNA damage (Liang & Godley
2003). Protective effects from a variety
of antioxidants have been demon-
strated. Antioxidants capture free radi-
cals, thereby to some extent alleviating
the chain reaction of deleterious effects
on other molecules.

Experimental blue light
damage

Animal experiments show that retinal
exposure to excessive levels of white
light induce apoptotic cell death of
photoreceptors and, with a short
delay, do the same in RPE cells
(Hafezi et al. 1997; Grimm et al.
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2001). It has been unequivocally
demonstrated that the blue light hazard
is mediated through absorption of blue
light by rhodopsin.

Accumulating evidence indicates
that light exposure triggers photorecep-
tor apoptosis only in the presence of
rhodopsin. The RPE protein RPE65,
which is an important determinant for
rhodopsin regeneration in mice, is
a prerequisite for light damage (Iseli
et al. 2002; Wenzel et al. 2005). No
light damage could be induced in
RPE65-deficient mice deprived of rho-
dopsin. Light damage occurs only
when the retina is supplied with reti-
noid metabolites such as 11-cis retinal,
the chromophore of rod and cone
opsins, or other toxic byproducts
(Grimm et al. 2000a). Repetitive
photon absorptions in association
with rhodopsin regeneration seem to
be required in order to trigger photo-
receptor apoptosis. It is conceivable,
although not proven, that repetitive
light stimuli in a mesopic level of adap-
tation may make the retina particularly
sensitive to light damage.

The photoelectric effect, known from
quantum physics, explains many of the
biological events induced by short-
wavelength irradiation. The high-
energy photons in the spectrum of
blue light and adjacent UVA radiation
have the power to damage the cellular
function and structure of photorecep-
tors and RPE. These photons create
reactive oxygen species, which are dele-
terious to a variety of cellular orga-
nelles, particularly the mitochondrial
DNA, and ultimately result in apopto-
tic cell death.

It is well established that the forma-
tion of reactive oxygen species
increases with decreasing wavelength
(Boulton et al. 1993; Rozanowska
et al. 1998). On the cellular level,
470–490-nm light was reported to
induce oxidant injury in both the
inner and outer segments of rod photo-
receptors, an event requiring rhodopsin
activation (Demontis et al. 2002).

The increased risk of mitochondrial
damage induced by blue light has been
demonstrated in many experimental
models. For example, red light of a
certain intensity is insufficient to
induce retinal damage, whereas blue
light of the same intensity will cause
retinal injury. Deep blue light has
been described as 50–80 times more
efficient at causing photoreceptor

damage than green light (Rapp &
Smith 1992). Following exposure to
blue light (400–480 nm), photoreceptor
apoptosis was induced in the rat, the
most pronounced cell death occurring
16 hours after irradiation in the dark.
Immunoreactivity for caspase-3 was
up-regulated in the outer nuclear layer
of the retina and, concurrently, cyto-
chrome C was released from the mito-
chondria. These events result in
apoptotic cell death (Wu et al. 1999,
2002).

Using narrow-band blue (403 nm)
and green (550 nm) light, adjusted to
the same energy, exposure to blue light
was found to severely damage rod
photoreceptors, while green light did
not (Grimm et al. 2001; Wenzel et al.
2005).

Photoconsumption of oxygen by
human ocular lipofuscin increases
with decreasing wavelengths of the
exciting irradiation, the effects of blue
light being much more pronounced
than those of red light (Pawlack et al.
2002). Blue light damage is thus likely
to be mediated by endogenous chromo-
phores, such as lipofuscin (Boulton
et al. 2001). It has been further demon-
strated that chloroform-insoluble
components (ChNS) of lipofuscin
granules significantly increase with age-
ing, and that ChNS mediate photo-
induced oxygen uptake (photogenerat-
ing singlet oxygen) with rates that
increase with decreasing wavelengths
(Rozanowska et al. 2004). Thus, the
oxidative damage to RPE cells loaded
with lipofuscin is enhanced in response
to blue light, a phenomenon that
occurs in cells in elderly subjects and
in patients with ARM.

Light radiation (near-ultraviolet)
was demonstrated to accelerate the for-
mation of lipofuscin fluorophores and
ageing of RPE cells in tissue culture (Li
et al. 1999). Autofluorescence from
lipofuscin can be demonstrated in
response to blue light. In addition,
exposure of RPE cells in culture to
near UV light reduced the proliferation
of the cells, accompanied by increased
lipofuscin content. In turn, lipofuscin
accumulation in RPE cells induced
enhanced sensitivity to blue light irra-
diation (Wihlmark et al. 1997; Nilsson
et al. 2003).

Thus, lipofuscin fluorophores seem
to play an important role in the blue
light hazard phenomenon. The fluoro-
phore A2E mediates blue light-induced

(peak around 430 nm) damage to RPE
cells, involving oxidative mechanisms,
where DNA is the target of the photo-
dynamic effects (Sparrow & Cai 2001;
Sparrow et al. 2002, 2003). A2E targets
mitochondria and induces apoptosis
(Suter et al. 2000). A2E also acts as
an inhibitor of lysomal degradative
functions (Bermann et al. 2001). It is
notable that when oxygen was removed
from the culture media of human RPE
cells in culture, the blue light damage
was found to be basically blocked
(Sparrow et al. 2002).

In an experimental model, transgenic
mice with over-expression of APO
B100 and increased LDL cholesterol
in the blood were more susceptible to
blue light-induced formation of sub-
RPE deposits than the controls; thus
high-fat diet and blue light exposure
aggravate oxidant injury (Espinosa-
Heidmann et al. 2004).

As previously mentioned, the forma-
tion of lipofuscin in RPE cells requires
a normal visual cycle. The absence of
retinoid metabolites such as retinal
prevents RPE apoptosis (Grimm et al.
2000a; Katz & Redmond 2001).
Accordingly, light damage to the retina
is dependent on the amount of rhodop-
sin available for bleaching and RPE65-
deficient mice, lacking rhodopsin, are
protected against light-induced apopto-
sis of RPE cells (Grimm et al. 2001).

These results have been explained on
the basis of rhodopsin photoreversal:
blue light regenerates rhodopsin from
its bleaching intermediates and can
thus provide increased numbers
of bleachable rhodopsin molecules
(Grimm et al. 2000b). Blue light pro-
motes the photoisomerization of all-
trans-retinal , which leads to the regen-
eration of rhodopsin and an increase
in phototransduction, thus in turn
promoting photoreceptor apoptosis
(Margrain et al. 2004). This concept
was supported by experiments on
mutant mice that lack rhodopsin and
in these animals no blue light photo-
receptor damage could be induced.
Accordingly, when both metabolic rho-
dopsin regeneration and photoreversal
bleaching were inhibited in wild-type
mice, blue light exposure induced only
moderate lesions. Green light had no
effect (Grimm et al. 2001).

It should be emphasized, however,
that light-induced retinal degeneration
is a complex series of events, involving
caspase-dependent apoptosis and a
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number of caspase-independent path-
ways to cellular death (Hao et al.
2002; Wenzel et al. 2005).

The dramatic change in
ocular transmittance in
pseudophakic eyes

The crystalline lens of the young and
healthy human eye has a high level of
transparency for optic radiation of
short wavelengths (400–500 nm). The
photochemical class 2 damage or blue
light hazard peaks at 430–440 nm. It is
noteworthy that there is already an
accumulation of lipofuscin in RPE
cells during the second and third dec-
ades of life (Delori et al. 2001).

There is a progressive increase in
absorbance within the blue light spec-
trum due to colour changes in the crys-
talline lens; this is attributable to
several factors, such as oxidation prod-
ucts of tryptophan and glycosylation
of lens proteins (Mellerio 1994). The
crystalline lens becomes increasingly
yellowish with age and the pigmenta-
tion of the lens eventually acts as a
protective barrier against blue light
(Fig. 5). This ‘normal’ change is asso-
ciated with a slight decrease in scotopic
vision. For example, by the age of
53 years, the scotopic vision of the
human eye has decreased by 33% com-
pared with that in childhood. By the age
of 75 years, scotopic vision has reduced
by 75%. At the same time, the protec-
tion provided by the crystalline lens
against UV radiation and blue light

has increased to approximately 90%.
The crystalline lens absorbs most UVB
and UVA radiation up to 390–400 nm.

Blue light retinal damage in pseudophakic

eyes

When the cataractous lens is removed
and replaced by a clear intraocular lens
(IOL), a dramatic increase in the ocular
transmittance of radiation occurs. In
the aphakic eye (with no IOL) there is
almost unlimited transmission of blue
light and a portion of the UVA radia-
tion to the retina. A cascade of cellular
effects is induced when the short-wave-
length radiation strikes the retina.

Due to the increased transmission of
radiation to the retina in non-phakic
eyes, the stress caused by high-energy
photons on photoreceptor and RPE cells
is substantially augmented. Extensive
laboratory work indicates a manifold of
cellular events in response to high-energy
radiation, such as increased lipid per-
oxidation, deterioration of lysosome
function and accumulation of lipo-
fuscin with chromophores, such as A2E
(Fig. 4A, B).

Aspreviouslymentioned,A2E is oneof
the chromophores in lipofuscin respon-
sible for the blue light sensitivity of RPE.
A2E generates singlet oxygen, which,
through intermediate products, induces
mitochondrial and DNA damage. Thus,
the removal of a cataractous lens leaves
the RPE vulnerable at an age when its
content of blue light-sensitive A2E is
high and will continue to increase with
the years (Sparrow et al. 2004).

The deleterious effects of short-
wavelength irradiation on RPE cells
loaded with lipofuscin have been
demonstrated. In response to blue
light irradiation, RPE cells that did
not contain substantial amounts of
A2E remained viable, whereas RPE
cells that had amassed A2E underwent
apoptotic cell death (Sparrow et al.
2004). Thus, A2E is one major mediator
of the blue light hazard (peak around
430 nm). In the ageing eye, chloroform-
insoluble components (ChNS) of lipo-
fuscin also accumulate and these are
particularly apt to enhance the oxida-
tive damage induced by free radicals in
response to blue light irradiation
(Rozanowska et al. 2004).

Although several other mechanisms
producing cellular damage may be
operating in the pseudophakic eye,

short-wavelength radiation is in all
probability a major factor.

Progression of ARM in
pseudophakic eyes

Some clinical reports have suggested
that cataract surgery may increase the
development or progression to neovas-
cular ARM or geographic atrophy
(Pollack et al. 1996, 1997; Chaine et al.
1998). The Beaver Dam Eye Study
(Madison, Wisconsin) indicated that
aphakic or pseudophakic eyes at base-
line had more than double the odds for
ARM progression and for the develop-
ment of late ARM than phakic eyes
(Klein et al. 1998). Similarly, in the
Blue Mountains Eye Study (Sydney,
Australia), a significant increase in late
ARM at 5 years was reported in pseu-
dophakic eyes as compared with phakic
eyes (Mitchell et al. 2002).

In a comprehensive analysis of the
pooled data from the Beaver Dam
Eye Study and the Blue Mountains
Eye Study, comprising 6019 partici-
pants (11 393 eyes), an increased risk
for late ARM was found at 5 years
after cataract surgery (Wang et al.
2003). Almost all eyes that developed
late-stage ARM during the 5-year per-
iod had some early stage ARM lesions
at baseline. Late ARM (neovascular
ARM or geographic atrophy) had
developed in 6.0�7.5% of non-phakic
eyes compared with 0.7% of phakic
eyes at 5 years after surgery.
Neovascular ARM developed in 4.2%
of right and 4.1% of left non-phakic
eyes over the 5-year period, compared
with 0.4% of right and 0.3% of left
eyes. After adjustment for gender,
smoking and the presence of indistinct
drusen and retinal pigment abnormal-
ities at baseline, non-phakic eyes were
found to have a considerably higher
risk for developing late ARM com-
pared with phakic eyes (odds
ratio ¼ 5.7). These results are in line
with those of a post-mortem study, in
which increased prevalence of disci-
form and neovascular ARM was
found in pseudophakic eyes as com-
pared with age-matched controls (van
der Schaft et al. 1994).

There may be other reasons for the
increased incidence of late ARM in non-
phakic eyes. Cystoid macular oedema
(CME), presumably associated with
inflammatory changes, is common after
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cataract surgery. The greatest incidence
of clinically significant postoperative
CME occurs 1–3 months after surgery.
In the majority of cases this condition
resolves within weeks or months. In
approximately 1% of cataract extrac-
tions, chronic CME persists for more
than 6 months (Dick et al. 2001).
Notwithstanding this, the impact of
CME on the development of late ARM
remains uncertain and ambiguous.

It is reasonable to assume that an
increased susceptibility to phototoxic
light damage after cataract surgery per-
sists, making the retina more vulnerable
to longlasting radiation, particularly in
elderly subjects(Pollack et al. 1996).

Putative prophylactic
measures

‘Yellow’ intraocular lenses (IOLs)

The IOLs with UV-filter were intro-
duced in the 1980s. Ultraviolet filter
IOLs are supposed to confer protection
against radiation below 400 nm; for
longer wavelengths the transmittance
increases substantially compared with
that of the normal ageing crystalline
lens. However, it was recently reported
that a number of traditional IOLs actu-
ally transmit more than 10% of UVA
radiation between 350 nm and 400 nm
(Laube et al. 2004); these high-energy

photons have the capacity to induce
deleterious cellular effects (Fig. 3).

New types of ‘yellow’ IOLs have
been introduced, which have a filtering
effect that mimics that of the ageing
human lens by attenuating light
from wavelengths between 400 nm
and 500 nm (Figs 6 and 7). The yellow
IOLs provide a better degree of pro-
tection against UV radiation and
blue light than traditional IOLs that
have only UV filtering capabilities
(Mainster 2005 & Sparrow 2003).

Experimental data indicate that the
yellow filters protect RPE cells that are
exposed to blue, green and white light,
respectively. Pigmented rabbits were
exposed to xenon light; one eye of the
animals was protected by a yellow filter
and a clear polymethylmethacrylate

(PMMA) lens was placed in front of
the fellow eye. The total irradiance of
the eyes was equalized by neutral den-
sity filters in front of the PMMA mate-
rial. Electrophysiological recordings
showed significantly more damage to
both neuroretinal and RPE function
in eyes behind the PMMA material
than in those behind yellow filters
(Nilsson et al. 1990).

Human RPE cells were allowed to
accumulate A2E in tissue culture to
levels that are comparable to the
amounts present in vivo. When pro-
tected by a yellow IOL, transmission
of blue light (peak 430 nm) was attenu-
ated by approximately 50% and apop-
totic cell death was reduced by 80%
compared with irradiation in the
absence of IOL. In contrast, when four
different traditional IOLs were tested in
the same experimental setting, the
reduction of the number of non-viable
cells was only 10–20% when exposed to
blue light, 40–60% in response to green
light (peak 550 nm) and 20–40% in
response to white light (390–750 nm).
The experiments thus demonstrate that
even green and white light may have
detrimental effects on A2E-laden RPE
cells, such as those in elderly eyes. These
adverse effects are alleviated by a yellow
IOL. In conclusion, the blue light-
absorbing IOL was associated with sig-
nificant reduction (78�82%) in the
death of A2E-laden RPE cells that
were exposed to blue, green or white
light (Sparrow et al. 2004).

The yellow IOL gives a yellowish hue
to the ocular image which, generally,
does not seem to be a problem. The
yellow IOLs induce a reduction of the
scotopic sensitivity (Mainster 2005 &
Sparrow 2003). This moderate loss of
scotopic vision was found to be of the
same magnitude as that of a 53-year-
old human lens. Patients with the blue
light-blocking IOL exhibit a significant
threshold elevation at 410 nm (violet
light) and at 450 nm (blue light).
However, no significant differences in
visual performance were found at
500 nm or 560 nm (green light)
between patients implanted with the
yellow IOL and those implanted with
the clear IOL (Jackson 2005).

The yellow IOLs reduce the optical
chromatic aberration by blocking
blue light. In addition, there is an
enhancement of contrast sensitivity
and a reduction of glare (Wolffsohn
et al. 2000). These phenomena are
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definitively advantageous for elderly
eyes or in subjects with ARM.
However, perception of the colour
blue is certainly affected. On the other
hand, blue cones do not contribute to
high visual acuity. Clinical experience
indicates that people with a clear IOL
in one eye and a yellow IOL in the
fellow eye are not disturbed by the
slight differences in the images.

Thus, experimental and theoretical
data indicate that a yellow IOL is likely
to confer protection to retinal cells.
The blocking of UVA radiation from
the retina is important. Although the
indications for the use of yellow IOLs
have not been elucidated, it is, from a
theoretical point of view, most rational
to use a yellow IOL for cataract sur-
gery in patients at risk for ARM and in
those with ARM (Margrain et al. 2004;
Nilsson 2004; Braunstein & Sparrow
2005). A randomized clinical trial is
warranted to assess to what extent yel-
low IOLs will reduce the risk for or
progression of ARM.

Prophylactic treatment
with antioxidants

Another approach to prophylactic
treatment for ARM is based on the
capacity of various antioxidants to alle-
viate or reduce the detrimental effects
of reactive oxygen species in response
to radiation and other noxious stimuli.
Extensive laboratory investigations
have demonstrated the role of oxida-
tive stress and the inhibitory effects of
antioxidants on RPE cellular function
(Beatty et al. 2000; Sundelin & Nilsson
2001).

The Age-related Eye Disease Study
(AREDS) (2001), a randomized,
placebo-controlled clinical trial, com-
prising 3640 participants, using supple-
mentation with high-dose antioxidants
(average follow-up 6.5 years) showed
a significant reduction in rates of at
least moderate visual loss in certain
categories of ARM. Participants were
randomized to daily antioxidants
(vitamin C 500 mg, vitamin E 400 IU,
b-carotene 15 mg, zinc 80 mg and
copper 2 mg) or placebo. Subjects
with extensive intermediate size drusen,
at least one large druse, non-central
geographic atrophy in one or both
eyes, or advanced ARM in one eye
had a statistically significant odds

reduction for the development of
advanced (late) ARM. At 5 years, the
estimated probability of progression to
advanced ARM (neovascular ARM,
geographic atrophy) was 28% for
those assigned to placebo, and 20%
for those assigned to antioxidants plus
zinc.

There was no difference in mortality
in the various subgroups treated with
antioxidants or placebo (Age-related
Eye Disease Study 2001). Further ana-
lyses indicated that participants ran-
domly assigned to receive zinc (zinc
alone or antioxidants plus zinc) had a
lower mortality rate than those not
taking zinc (Age-related Eye Disease
Study 2004).

It is known from earlier studies that
high doses of b-carotene may increase
the risk of lung cancer in smokers
(Omenn et al. 1996; US Preventive
Services Task Force 2003). Therefore,
b-carotene was excluded from the anti-
oxidant regimen for smokers in the
AREDS. A meta-analysis of antioxi-
dant supplements for prevention of
gastrointestinal cancers revealed that
certain combinations of vitamins, such
as b-carotene and vitamin A, increased
mortality (Bjelakovic et al. 2004).
However, trials in which vitamin C
was given separately or in different
combinations with b-carotene, vitamin
A or vitamin E showed no significant
effect on gastrointestinal cancers or
mortality.

It is conceivable that very high doses
of a solitary antioxidant can induce
adverse effects. One meta-analysis sug-
gested that high-dose vitamin E supple-
ments may increase all-cause mortality
(Miller et al. 2005). Notwithstanding,
the AREDS formulation had a 14%
reduction in mortality risk after
an average of 6.5 years (Chew &
Clemons 2005).

The Health Professionals Follow-up
Study (Leitzmann et al. 2003) found
that men who consumed more than
100 mg/day of supplemental zinc had
a higher risk of advanced prostate can-
cer, but not of organ-confined cancers.
However, a later study concluded that
80 mg/day of supplemental zinc does
not increase the risk of prostate cancer
(Jarrard 2005).

The putative role of nutritional fac-
tors (e.g. a low antioxidant intake) in
the incidence of disease has been
approached. For example, in patients
with low levels of antioxidant intake,

the prevalence rate of neovascular
ARM was reported to be about twice
as high as that in subjects with high
levels of intake (Snellen et al. 2002). A
protective role for the intake of fruit
and fish has been suggested (Seddon
et al. 2003; Cho et al. 2004).

The US National Eye Institute con-
cluded that people at risk of developing
advanced ARM lowered this risk by
about 25% when treated according to
the AREDS. It has been estimated
that if people in the USA at risk of
advanced ARM receive AREDS-
recommended supplements, more
than 300 000 of them would avoid
developing advanced ARM during the
next 5 years (Age-related Eye Disease
Study 2003). Accordingly, the American
Academy of Ophthalmology has
recommended the AREDS formula
for antioxidant supplementation.

Notwithstanding, further research is
warranted to elucidate the complicated
balance between oxidative damage and
the effects of antioxidant and nutri-
tional prophylaxis.
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Schütt F, Bergmann M, Holz FG & Kopitz J

(2002): Isolation of intact lysosomes from

human RPE cells and effects of A2E on the

integrity of the lysosomal and other cellular

membranes. Graefes Arch Clin Exp

Ophthalmol 240: 983–988.
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Suter M, Remé C, Grimm C et al. (2000): Age-

related macular degeneration. The lipofuscin

component N-retinyl-N-retinylidene ethano-

lamine detaches proapoptotic proteins from

mitochondria and induces apoptosis in

mammalian retinal pigment epithelial cells.

J Biol Chem 275: 39625–39630.

Terman A, Dalen H, Eaton JW, Neuzil J &

Brunk UT (2004): Ageing of cardiac

myocytes in culture: oxidative stress, lipo-

fuscin accumulation and mitochondrial

turnover. Ann N Y Acad Sci 1019: 70–77.

Thornton J, Edwards R, Mitchell P, Harrison

RA, Buchan I & Kelly SP (2005):

Smoking and age-related macular degenera-

tion: a review of association. Eye 19: 935–944.

US Preventive Services Task Force (2003):

Routine vitamin supplementation to prevent

cancer and cardiovascular disease: recom-

mendations and rationale. Ann Intern Med

139: 51–55.

Wang JJ, Klein R, Smith W et al. (2003):

Cataract surgery and the 5-year incidence

of late-stage age-related maculopathy.

Pooled findings from the Beaver Dam and

Blue Mountain Eye Studies. Ophthalmology

110: 1960–1967.

Wenzel A, Grimm C, Samardzija M& Remé CE
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