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Introduction 

  
Photobiology of the retina covers broad aspects of the phototransduction
cascade responsible for visual perception, as well as the pupillary light
reflex, and the role of the retina in setting up our circadian rhythms. All
of these functions of the retina depend on the absorption of photons.
However, excessive exposure to light results in damage to the retina. The
phototransduction cascade is discussed by Oyster in Retina I:
Photoreceptors and Functional Organization. Here we will review current
understanding of light-induced damage to the retina. As the visual cycle
plays an important role in susceptibility of the retina to light damage,
certain aspects of it will be discussed here in more detail. 

  
Types of Light-Induced Damage to the Retina 

  
Throughout life, the eye is exposed to daily fluxes of solar radiation.
Solar radiation is filtered by the Earth's atmosphere so that at sea level
about 80% of the solar energy is restricted to a narrow spectral band
from about 300 nm in the ultraviolet to 1100 nm in the infrared. Longer
wavelengths are primarily filtered out by atmospheric water vapour,
whereas shorter wavelengths are absorbed by the ozone layer.
Furthermore, certain spectral components of solar light incident on the
cornea are partially filtered out before reaching the human retina (1)
(Figure 1). The cornea absorbs wavelengths below 295 nm while the lens
in the adult human eye absorbs strongly longer-wavelength UVB (295-
315 nm), and the full range of UVA (315-390 nm). Both the cornea and
the lens also absorb part of the infrared radiation - mainly the water
bands at 980 nm, 1200 nm, and 1430 nm. The vitreous absorbs light
above 1400 nm, up to 10 m. Thus, the non-ionizing radiation reaching
the retina is the so-called 'visible component' of the electromagnetic
spectrum (390-760 nm), and some of the near infrared (760-1400 nm). 

  

http://photobiology.info/retina1.html
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Figure 1. Transmission of light through the young adult human
eye to the retina [modified from (289)].

 
In young children, some UV-B and UV-A can reach the retina, namely the
spectral range of 300-340 nm, with a maximum of that transmission
window of about 8% at 320 nm (1). This transmission band is gradually
reduced when metabolites of tryptophan absorbing UV light accumulate
in the lens. By the age of 22 years, only 0.1%, and by the age of 60
years virtually no UV light reaches the retina except for aphakic
individuals. 
 
The transmission of visible light decreases with increasing age, and arises
largely from age-related changes in the composition of the lens, which
accumulates chromophores absorbing short-wavelength visible light.
Lenses older than 70 years exhibit a relatively slow increase in
transmittance with increasing wavelength: the transmission starts at
about 400 nm, but does not reach the maximum until about 600 nm.
Overall the transmission of visible light is significantly reduced in older
lenses, especially in the blue region of the spectrum. Typical daily
activities are related with exposures of the retina to light levels well
below the threshold doses causing acute photodamage to the retina
(Figure 2). However, direct gazing at the sun or artificial sources of
intense visible or infrared light can easily lead to exceeding that
threshold, and damage the retina. 
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Figure 2. Typical retinal irradiance levels during common daily
activities, retinal irradiance levels from different sources of
light: the sun, frosted incandescent lamp, fluorescent lamp and
typical size of their images on the retina for a 0.5 s exposure.
The diagram also shows the maximal permissible exposure
(MPE) for 0.25 s exposure of the eye with a 2 mm pupil and the
dependence of pupil size on retinal irradiance. Modified from
(5, 273).

 
Visible and infrared light reaching the retina can induce tissue damage
via at least one of three fundamental processes: photomechanical (or
photoacoustic), photothermal (photocoagulation) and photochemical,
depending on its fluence rate, total dose and spectral characteristics. 
 
 
Photochemical injury. Photochemical damage occurs when light is
absorbed by a chromophore and leads to the formation of an
electronically excited state of that molecule, which then undergoes either
chemical transformation itself and/or interacts with other molecules
leading to chemical changes of both interacting molecules or to a transfer
of the excitation energy to the other molecules (Figure 3). Importantly,
when photochemical damage occurs there is no substantial increase in
temperature of the tissue. In a particular type of photochemical damage,
photosensitized damage, the photoexcited chromophore in its
electronically excited singlet state undergoes intersystem crossing and
forms an excited triplet state (Figure 3). The excited triplet state is
relatively long-lived, allowing for interaction with other molecules
producing free radicals - via electron (hydrogen) transfer (type I of
photosensitized damage), or singlet oxygen,  - via transfer of
excitation energy from the photosensitizer in the triplet state to
molecular oxygen (type II of photosensitized damage). Photosensitizers
can act as catalysts of extensive damage where numerous free radicals
and singlet oxygen molecules are generated by a single molecule of a
photosensitizer, which is constantly recycled to its ground state (Figure
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3B). 
 

 

Figure 3. Jablonski diagram of photoexcitation of a molecule
and 3 main deactivation pathways (Upper Figure). As most
biologically relevant molecules are in a singlet state in their
ground state (S0), their photoactivation leads to an
electronically excited singlet state (S1): an electron from the
highest occupied molecular orbital (HOMO) is transferred to the
lowest unoccupied molecular orbital (LUMO). From that
electronically excited singlet state there are 3 main pathways
of deactivation: 1) thermal deactivation is a radiation-less
process, called also internal conversion (IC) where the
photoexcited molecule returns to the ground state releasing the
excitation energy in a form of heat and no change in the
molecular spin occurs; 2) fluorescence (F) where the
photoexcited molecule returns to the ground state releasing the
excitation energy in a form of an emitted photon; 3)
intersystem crossing (ISC) where the photoexcited electron
changes orientation of its spin resulting in a change in the
multiplicity and formation of an excited triplet state (T1). The
lifetime of an excited triplet state is usually in the range of
microseconds and longer, that is at least 3 orders of magnitude
longer than of an excited singlet state (in the range of ps-ns).
An excited triplet state deactivates via radiation-less transition
to the ground state via an intersystem crossing (ISC) or a
release of photon known as phosphorescence (Ph). 
 
Long lifetime of an excited triplet state increases the probability
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of interaction with other molecules (Lower Figure).
Photoexcitation of a molecule (P) to an excited singlet state
(1P) may be followed by an intersystem crossing and formation
of an excited triplet state (3P). An excited triplet state (3P) can
transfer an electron (or hydrogen) to/from another molecule
leading to a formation of a radical pair (Type I of
photosensitized damage). Interaction of an excited triplet state
with molecular oxygen (which is in a triplet state in its ground
state) may lead to an energy transfer (type II of
photosensitized damage). As a result, the photoexcited
molecule returns to its ground state while oxygen is activated
to an excited singlet state, called singlet oxygen (1O2).
Chromophores which upon photoexcitation undergo
intersystem crossing and produce free radicals and singlet
oxygen are known as photosensitizers (P). As a result of an
interaction of the triplet state with an electron donor (LH), such
as an unsaturated lipid, the formed radical anion of the
photosensitizer may donate the electron to oxygen leading to
the formation of superoxide radical anion (O2.-). The free
radical formed from the electron donor after hydrogen
abstraction (L.) can give rise to a free radical chain of
peroxidation of biomolecules such as lipids and proteins. L. may
interact with oxygen forming a peroxyl radical (LOO.). The
peroxyl radical may abstract an electron/hydrogen from other
molecules resulting in a formation of another L. and a
hydroperoxide (LOOH). Hydroperoxides may become
decomposed by redox active metal ions, such as iron, leading
to the formation of more free radicals. A single molecule of a
photosensitizer may produce numerous free radicals and
singlet oxygen molecules as long as it is recycled to the ground
state and photoexcited by subsequent photons.

 
Photosensitized damage mediated by oxygen (photodynamic damage)
has been employed in photodynamic therapy (PDT) to destroy tumours
and unwanted retinal neovascularisation. In PDT a photosensitizing drug
is delivered to the tissue of interest followed by irradiation with an
appropriate laser light to trigger the photodynamic damage. However, the
retina contains a number of endogenous photosensitizers which can be
excited by visible/infrared light reaching the retina. The outer retina
[photoreceptors and retinal pigment epithelium (RPE)], is immediately
adjacent to the choroidal blood supply and thus highly oxygenated.
Therefore, these are potentially favourable conditions for photodynamic
damage to occur. The strong dependence of susceptibility of the retina to
photodamage on oxygen concentration suggests that light-induced
damage to the retina is indeed photodynamic in nature (2-4).
Photochemical damage usually demonstrates delayed onset following
light exposure, and in the retina, this delay may take several hours. 
 
 
Photothermal injury. Photothermal damage occurs when the rate of
light energy deposition by thermal deactivation is faster than thermal
diffusion, so the temperature of the exposed tissue rises (5). This is the
case for exposure to intense flashes of light shorter than ~20 s when
the heat diffusion can be neglected during the duration of the exposure
so that the energy needed to produce retinal damage is independent of
the exposure duration within that timeframe. For visible and infrared light
reaching the retina, melanin and haemoglobin are the primary absorbers
with an ability to undergo very efficient non-radiative decay from their
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electronically excited states to the ground state. Typically, when the rise
in temperature is at least 10°C above the physiological temperature, then
thermal damage occurs, which leads to thermal denaturation of many
proteins. 
 
Surgeons employ photophysical properties of melanin and haemoglobin
as endogenous chromophores to cause thermal photocoagulation of
retinal tissues to treat proliferative diabetic retinopathy, neovascular form
of AMD or macular edema (6-9). Using visible or near infrared laser
sources, they induce a therapeutic photocoagulation of unwanted blood
vessels in the retina or by retinal photocoagulation prevent retinal
detachment (10). The depth of penetration is dependent on the incident
wavelength, e.g., optical radiation from argon lasers (457-524 nm) is
primarily absorbed by haemoglobin and oxyhaemoglobin in retinal blood
vessels, and melanin in the retinal pigment epithelium (RPE) while that
from krypton red (around 650 nm) and diode lasers (790-830 nm) is
absorbed by the RPE, as well as choroidal melanocytes and blood. 
 
 
Photomechanical injury. Photomechanical (or photoacoustic) damage
occurs when the light energy is deposited faster than mechanical
relaxation can occur and typically occurs for intense pulses shorter than
1 ns (5). As a result, a thermoelastic pressure wave is produced, and
tissue is disrupted by shear forces or by cavitation. Fluence rates needed
to produce photomechanical damage can be obtained from sources such
as intense pulse lasers. 
 
 
Susceptibility of Human Retina to Light Damage 

  
Photochemical damage is the most common form of retinal damage
caused by exposure to direct sunlight and several artificial light sources,
including ophthalmic instruments. 

  
Damage to the retina induced by sunlight: solar retinopathy. Light
damage in the human retina due to excessive exposure to sunlight is
known as solar retinopathy. It has been estimated that direct gazing at
the sun with constricted pupil of 2 mm in diameter produces an image of
the sun on the retina of 0.16 mm in diameter in an emmetropic eye and
irradiance in that small area is about 11 W/cm2 (11). The solar irradiance
depends on the latitude, season and atmospheric conditions. Other
estimates of retinal irradiance in a human eye viewing the mid-day sun
vary between 1.5 and 122 W/cm2 (12, 13). Exposures lasting for several
minutes to tens of minutes are sufficient to cause an ophthalmoscopically
visible damage. 
 
Solar retinopathy after watching a solar eclipse has been recognized for
over 2000 years, and is also known as eclipse retinopathy. Around 400
B.C., Plato recommended taking precautions when watching a solar
eclipse, but even now, despite widely distributed warnings, each solar
eclipse brings new cases of retinal injury due to watching it without
proper eye protection (14-17). The degree of damage in eclipse
retinopathy may vary greatly from transient loss of visual acuity, loss of
the blood-retina barrier, pigmentary changes in the retinal pigment
epithelium (RPE), swelling, to photoreceptor cell death and permanent
loss of vision in the exposed area (17-32). The safe ways of watching
solar eclipse are discussed by Chou. 
 
Solar retinopathy has been reported also in cases of direct gazing at the

http://eclipse.gsfc.nasa.gov/SEhelp/safety2.html
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sun as part of religious rituals, being under the influence of
hallucinogenic drugs or self-inflicted harm due to a mental illness [(33)
and references cited therein; (34-42)]. Interestingly, sun gazing has
been employed by an ophthalmologist to cause retinal photocoagulation
in a self-administered treatment of central serous retinopathy (43). 
 
Retinal injury due to excessive exposure to solar radiation has been
documented in several cases of unintentional excessive light exposure of
the retina during sunbathing or military duties [(33) and references cited
therein). There are case studies described in literature where direct
exposures to the sun as short as 1 min produced solar retinopathy (11,
44-46). There are also some more controlled studies of solar retinopathy
in patients scheduled to undergo enucleation because of an intraocular
tumour, who volunteered to gaze at the sun for several minutes (32, 47,
48). Solar retinopathy is mainly due to photochemical damage (49, 50). 

  
'Solar' retinopathy induced by artificial sources of light. Some
cases of retinal damage induced by light have been reported or
suspected due to use of an operating microscope or indirect
ophthalmoscope (51). Retinal irradiance from an operating microscope
can reach up to 0.97 W/cm2 and the ocular surgery may take up to two
hours (52). Thus ocular surgery has also been considered to impose a
risk of photodamage to the retina (52-56). Experimental work on
monkeys confirms the high susceptibility of the primate retina to damage
induced by ophthalmic instruments. For instance, retinal exposure of
cynomolgous monkeys to light from an operating microscope (irradiance
of 1.06 W/cm2 for 1 h delivering total dose of 3816 J/cm2) results in
severe changes in the fovea: misarrangment of photoreceptor outer
segments, pyknosis of photoreceptor nuclei, swelling of photoreceptor
axons, formation of vacuoles within the RPE, which in the centre of the
fovea become necrotic even though there was no apparent damage
visible upon ophthalmoscopic examination (57). 
 
Even a lengthy ophthalmoscopic examination can impose a risk of retinal
damage. It may employ an indirect ophthalmoscope, which usually
provides irradiance levels up to 0.13 W/cm2 at the retina, or slit lamp
biomicroscopy providing up to 0.35 W/cm2 (52). Indeed, an exposure of
anesthestized rhesus monkey for 15 minutes to the retinal irradiance of
0.27 W/cm2 from an indirect ophthalmoscope (dose of 243 J/cm2) proved
deleterious to the retina, resulting in severe damage to photoreceptors
and changes in the RPE (12). Susceptibility to retinal photodamage can
be greatly increased by several xenobiotics such as hydrochlorothiazide
and subsequent exposure to UV-A light from a sunbed (58). There are
also cases of retinal damage due to accidental exposure to high intensity
light sources such as lasers (59), welding arc (60, 61), or a flash from a
high-tension electrical short circuit (62). 

  
 
Chronic light damage as a contributor to development of retinal
pathologies. Accumulated over years, damage induced by chronic
phototoxic reactions occurring in the retina has been suggested to be
involved in the aetiology of debilitating ocular conditions such as age-
related macular degeneration (AMD), the major cause of blindness in the
elderly in developed countries (63-66). While some epidemiological
studies support the role of chronic exposure to sunlight as a contributing
factor in development of AMD, some other epidemiological studies do not
find a significant correlation between chronic exposure to sunlight and
AMD (67-69). It needs to be borne in mind that assessing retinal
exposure to sunlight based on patients' recollection of their habits with
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respect to protection of their eyes from sunlight over the course of their
whole life is a difficult task. 
 
Due to potential deleterious effects of sunlight on the retina, it is often
advised to AMD patients to protect their eyes from bright sunlight (70).
The age-related yellowing of the crystalline lens provides a natural
protection of the retina from short-wavelength visible light, thus, in
recent years, after cataract removal a blue-light absorbing intraocular
lenses have been implanted in elderly patients to mimic the protection of
the natural lens (71). 
 
Genetic makeup affects susceptibility to light-induced retinal injury (72-
76). Several genetic mutations have been identified in animals, such as
in Royal College of Surgeons rats (77, 78), RPE65- and rhodopsin-mutant
mice and dogs, which affect their susceptibility to retinal photodamage
(75, 79-86). 
 
In the case of rhodopsin, the corresponding rhodopsin mutations in
humans lead to a severe blinding disease, called retinitis pigmentosa.
Thus, it has been suggested that ambient environmental light can
accelerate photoreceptor death, while a reduction of light intensity
reaching the retina may slow down the progress of retinal degeneration
(87, 88). Some case studies and small clinical trials of the effect of
wearing dark contact lenses on the progression of retinal degeneration
indicate that it is effective in some, but not all, patients (89, 90).
Hopefully, further developments in identification of genes and the
mechanisms responsible for different subtypes of retinitis pigmentosa,
together with availability of genetic testing, will facilitate future
evaluations of effectiveness of reduced exposure to light in slowing down
the disease. 

  
 
Types of Photochemical Damage to the Retina 

  
Photochemical damage has been the most extensively studied form of
light damage owing to its ability to cause damage under relatively
ambient conditions and its potential role in causing chronic retinal
damage throughout life (91-93). However, the photochemistry involved
in retinal photodamage is still rather poorly understood. Based on the
maxima of the action spectra and on the initial site of injury by the
threshold exposure, the photochemical damage to the retina has been
subdivided into different types (Figure 4). 
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Figure 4. Types of photochemical damage to the retina.
 
 
Nocturnal rodents have been the most widely used animals as models of
retinal photodamage. Experimental rats have demonstrated different
sites of retinal injury depending on irradiation conditions, such as prior
adaptation of the retina to light, spectral output of the light source,
irradiance and duration of exposure. The action spectrum of the first type
of damage corresponds well with the absorption spectrum of rhodopsin
peaking at 500 nm, and was observed exclusively in rats, but not in
diurnal animals (94, 95). 
 
The role of cone visual pigments as absorbers of damaging light has been
shown in rhesus monkeys (96, 97). During exposures to light targeting
selectively one of three cone visual pigments, the rod responses were
saturated due to the presence of white background light. A series of
exposures to narrow-band light centred at 463 nm or 520 nm, or broad-
band light from the range of 630-720 nm induced selective damage to
blue, green or red cones, respectively. In contrast to damage induced to
green and red cones, where the cone function recovered after a few
weeks, the repeated exposures to blue light resulted in an irreversible
loss of sensitivity to blue light, and permanent damage to blue cones.
Exposures of the retina to relatively high irradiance levels where
rhodopsin is completely bleached result in similar action spectra in both
rodents and primates, showing that the efficiency of inducting damage
rapidly increases below 500 nm, and further increases with decreasing
irradiation wavelength up to the shortest wavelength studied of 320 nm
(98, 99) (Figure 5). 
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Figure 5. Action spectra of retinal photodamage in the rat and
rhesus monkey shown in linear and logarithmic scales [based
on (95, 98, 99, 290)]. Monkeys were exposed to different
irradiance levels for 100 s (Monkey 100s) or 1000 s (Monkey
1000 s) and the damage was assessed by funduscopy 24 h
post exposure (98). The irradiance levels required to induce the
threshold damage varied from 5.1 mW/cm2 for a 1000 s
exposure to 325 nm light up to 8.4 W/cm2 for a 100 s exposure
to 633 nm light. Pigmented WEK/U rats raised at 10-50 lx
light/dark cycle were exposed to different irradiation powers
and times and the damage was assessed by funduscopy 2-3
days post exposure (Pigm. WEK/U Rat) (290). The threshold
irradiance doses ranged from 4 J/cm2 at 379 nm to 2000 J/cm2

at 559 nm. The threshold dose for 379 nm was very close to
the threshold dose for monkey at the same wavelength, and
therefore the WEK/U rat spectrum was normalized to 100%
maximum for the monkey spectrum. Male rats of the
pigmented Long Evans strain rats were raised in 10-90 lux
light/dark cycle and doses of 0.35 J/cm2 for 320 nm light (with
irradiance of 0.13 mW/cm2) to 1612 J/cm2 for 550 nm light
(with irradiance of 96 mW/cm2) were required to induce
funduscopic threshold damage (Pigm. LE Rats) (99). The action
spectrum with maximum corresponding to the rhodopsin
absorption spectrum was collected for albino rats of the
Sprague-Dawley strain raised in 5-10 lux light/dark cycle
(Albino Rat) (95). Rats were exposed to a narrow band light
with the constant intensity of (2.0 +/- 0.2) x 102 photons s-1

cm-2 for each wavelength (corresponding to irradiance levels
from 0.67 mW/cm2 up to 0.92 mW/cm2 for 590 nm and 434
nm, respectively). The damage was assessed 4 days post
exposure by histological evaluation of the thickness of the
retinal layer with cell bodies of photoreceptor cells. All animals
were exposed to light during anaesthesia. Each spectrum was
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normalized to the same number of incident photons. In
addition, the reciprocal of the threshold dose at 325 nm for 100
s exposure of monkey was taken as 100% and other values in
both action spectra for monkey and WEK/U rats were
normalized to that. For pigmented Long-Evans rat and albino
rats, the corresponding maxima in their action spectra were
taken as 100%.

 
Thus, based on the maxima of the action spectra of susceptibility to
photochemical damage, one type corresponds to the maxima of visual
pigments, while the other demonstrates an increasing susceptibility to
damage with decreasing wavelength down to 320 nm. The action spectra
of retinal photodamage also indicate that there is a shift in the site of
threshold damage from the photoreceptors at irradiations with short
wavelength light (320-440 nm) to the pigment epithelium at longer
wavelengths (>440 nm) (13, 99, 100), also indicating that there are at
least two different mechanisms responsible for photodamage. 
 
The second type of damage originates in the RPE (13, 101). Since the
second type of damage is induced by the short wavelength end of the
visible spectrum, it is often referred to as "blue light damage", which
originates in the RPE (13, 101). Furthermore, this type of damage
appears to be oxygen-dependent, since elevated blood oxygen has been
reported to increase retinal photosensitivity, lower the damage threshold
and increase the extent of damage at a given radiant exposure in
primates (2, 4). Protective effects of antioxidants and lowering oxygen
tension suggest that this type of light damage is due to photodynamic
damage in the retina. The limited data on photodamage to the human
retina demonstrate prominent damage to the RPE induced by exposure to
intense visible light (48, 102). Toxic effects of blue light have been also
observed for RPE cells in culture (103-106). The blue light-induced
toxicity is oxygen dependent, being 10 times more efficient at 95%
oxygen compared to 20% oxygen. On the other hand, the irradiation of
RPE cells under anaerobic conditions does not result in toxicity even
when light intensity was increased twofold (107), thus underscoring the
photodynamic nature of the damage. 

  
Short-wavelength (UV and blue light)-induced damage give similar
outcomes across all the species studied, and exhibits reciprocity of the
duration of exposure and irradiance for a wide range of exposure times
(98, 99). For example, Ham and colleagues determined that reciprocity
holds for exposures to 325 nm light, resulting in the same threshold
damage dose of 5 J/cm2 for either 100 s exposure to retinal irradiance
levels of 50 mW/cm2, or 1000 s exposure to retinal irradiance levels of 5
mW/cm2. 
 
Time-course of changes in the retina following photochemical
injury. Busch and colleagues (100) monitored the time-course of
changes in the rat retina following exposures to narrow-band light
centred at 380 nm or 470 nm (Figure 6). Damage visible by funduscopic
examination was the most pronounced 3 days after the exposure to
damaging light, and occurred at doses of 0.6 J/cm2 and 500 J/cm2 for
380 nm and 470 nm light, respectively. Examination of histological
sections through the retina revealed damage to photoreceptors already
at a dose of 0.45 J/cm2 for 380 nm light. As early as 3-h post-exposure
to 380 nm light, RPE cells were loaded with phagosomes, but apart from
that looked normal. After 3 weeks, RPE appeared completely normal
even for doses exceeding 2.5 times the threshold dose but almost all
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photoreceptors were lost. 
 

Figure 6. Time-course of changes occurring in the rat retina
after exposure to threshold and near threshold doses of 380
nm and 470 nm light [based on (100)].

 
Initial changes observed in the RPE in response to threshold doses of 470
nm light included an altered distribution of melanosomes, cell swelling
and some dark inclusions in the cytoplasm, while some photoreceptors
(< 1%) exhibited pyknotic nuclei. Higher doses, exceeding 1.5 times the
threshold dose, resulted in damage to photoreceptors and appearance of
phagocytic cells and melanosomes in the photoreceptor outer segment
layer. These changes were visible between 1 to 3 days after the
exposure. Two months after the exposure the retina seemed normal
except for thinning of the photoreceptor nuclear layer, corresponding to a
loss of up to 6% of photoreceptors. Doses 2.5 times higher than the
threshold doses of 470 nm radiation resulted in photoreceptor
degeneration, RPE cell swelling and some interruptions of the RPE
monolayer. RPE seemed to be healed after two months post-exposure in
contrast to photoreceptors which exhibited massive loss. 
 
The comparison of the late stages of retinal injuries caused by exposures
to 380 nm and 470 nm light revealed their similarities (100). Histological
examination was necessary to prove the damaging action of light after
two months post-exposure as fundus changes became barely visible by
ophthalmoscopic examination. As the doses required to induce damage
by 470 nm light were 830 times higher than for 380 nm light, it can be
argued that retinal damage induced by white fluorescent light is mainly
due to the short-wavelength component of its spectrum. 
 
It has been shown that in primates the energy needed to induce
threshold photodamage is about 20 times higher for 533 nm
monochromatic light than for 440 nm light (50), and about 400 times
higher for 500 nm light than for 380 nm light (108). A recent study of
long-term retinal changes in adult albino rats following 24-48 h exposure
to intense green light (490-580 nm light) has demonstrated striking
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similarities of the photodamaged retina to changes observed in atrophic
form of age-related macular degeneration (93). 

  
 
What is the Mechanism(s) of Photochemical Damage to the
Retina? 

  
The inherent risk of the outer retina to undergo photooxidative damage is
due to continual exposure of the retina to high fluxes of incident light,
high concentrations of oxygen, and the presence of a number of
endogenous photosensitizers, such as vitamin A derivatives, lipofuscin,
melanin, flavins and porphyrins (Figure 7). One of the characteristics of
adaptation of photoreceptors to continuous exposure to background light
is a decrease in oxygen consumption by mitochondria in photoreceptor
inner segments (109, 110). It may be argued that this mechanism
imposes an increased risk of photodynamic damage to photoreceptors by
providing more oxygen available for the interaction with photoexcited
photosensitizers. Moreover, the outer retina contains high concentrations
of polyunsaturated fatty acids, including the most unsaturated fatty acid
in human body, docosahexaenoic acid with six double bonds, which are
extremely susceptible to peroxidation. Lipid peroxidation initiated by a
single free radical can propagate as a chain of free radical-induced
peroxidation. Lipid peroxidation induced by singlet oxygen results in
formation of a lipid hydroperoxide, which upon decomposition by a trace
redox-active metal ions can initiate a free radical chain of lipid
peroxidation. While it is believed that photosensitized oxidation reactions
are involved in the phototoxic reactions occurring in the retina, their
exact mechanism(s), including the chromophores that photosensitise the
photooxidative damage to the retina, are still uncertain. 
 
 

 

Figure 7. Light, oxygen and endogenous photosensitizers: all-
trans-retinal in photoreceptor outer segments (POS) and
lipofuscin in the RPE as factors putting the outer retina - RPE
cells and photoreceptors at risk of photooxidative damage.

 
Retinal chromophores as potential triggers of light damage. The
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primary requirement for light to exert any photochemical effect is that it
needs to be absorbed. In the retina, the incident light is mainly absorbed
by visual pigments in photoreceptor outer segments (POS), and by
melanin - the most prominent pigment in the young retinal pigment
epithelium (RPE) (111). With age there is a gradual accumulation in the
RPE of lipofuscin, which reaches substantial concentrations and occupies
almost 20% of cytoplasmic volume by the age of 80 years. 
 
However, studies of RPE cells in vitro have demonstrated that these cells
are susceptible to blue-light induced damage in the absence of melanin
and lipofuscin, while their mitochondria have proved a susceptible target
of photodamage (103, 104, 106, 112, 113). Isolated mitochondria have
been shown to photogenerate reactive oxygen species, such as singlet
oxygen and superoxide, and the action spectrum of singlet oxygen
photogeneration is similar to the absorption spectrum of mitochondrial
Fe-S centres with the maximum at about 420 nm (106, 114-116).
Mitochondrial ubiquinol-cytochrome c reductase has been shown to be
the most susceptible enzyme to light-induced inhibition of its activity.
Destruction of the Fe-S centres by mersalyl acid substantially decreases
the susceptibility of mitochondrial ubiquinol-cytochrome c reductase to
photoinduced inhibition. The action spectrum of the remaining
photoinhibition can be ascribed to flavins and porphyrins. Potential roles
of flavins and porphyrins in retinal photodamage have been previously
reviewed in (111). The contributions to photon absorption in the retina
by mitochondrial Fe-S centres, flavins and porphyrins, seem to be almost
negligible in comparison with contributions from visual pigments, melanin
or lipofuscin. Moreover, as will be discussed later, doses of light inducing
extensive photodamage to the retina in animals with normal
concentrations of visual pigments, are completely safe for animals
without visual pigments. However, there is a possibility that chronic
photodamage contributes to age-related damage and dysfunction of
retinal mitochondria. 
 
Another pigment which accumulates in the primate retina in high
concentration is xanthophyll - lutein and zeaxanthin, which are
particularly concentrated in the axons of photoreceptors in the fovea
(111). Due to a high absorption coefficients corresponding to blue range
of the visible spectrum, they act as a blue light filter protecting the outer
retina from blue-light-induced injury in the area responsible for acute
vision. 

  
 
Role of visual pigments and vitamin A derivatives in photodamage
to the retina. Visual pigments are responsible for visual perception. All
visual pigments in vertebrates are formed by a transmembrane protein,
opsin, which binds via a Schiff base linkage of its lysine residue to 11-cis-
retinal. Differences in amino acid residues in proximity of 11-cis-retinal
are responsible for spectral differences in absorption maxima of different
types of visual pigments. The visual pigment of rods is named for its
colour rhodopsin (from Greek rhodo = rose-red, and opsin = sight)
(117). There are three types of cones in human retina, each of which
expresses a different visual pigment with absorption maxima at 419 nm
(named short-wavelength, S or "blue" cone), 531 nm (middle-
wavelength, M or "green" cone) or 558 nm (long-wavelength, L or "red"
cone). In contrast to rods, the names of cones refer to the spectral range
of light being the most efficiently absorbed in comparison with other cone
types (it is important with respect to "red" cone, which exhibits
absorption maximum corresponding to yellow light but absorbs red light
more efficiently than the other two cone types). Rods are the
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predominant photoreceptors in human retina, except for a small area in
the centre of the fovea, foveola, where only cones are localized. 

  
Presence of visual pigments is an essential factor for light-induced
damage to occur. Based on comparison of absorption spectra of visual
pigments and wavelength-dependence of photodamage thresholds
(action spectra), retinal photodamage can be, at least in part, ascribed to
visual pigments of both rods and cones as the chromophores which are
initial triggers (94-97, 118, 119). The importance of visual pigments as
triggers of light damage in the retina is underscored by experimental
findings that animals deficient in rhodopsin are protected from light
damage (120). In those experiments, the susceptibility to light damage
has been compared between rhodopsin knockout mice (Rho-/-), RPE65
knockout mice (RPE65-/-) and wild type mice. Rho-/- mice are unable to
synthesize the apo-protein opsin, and therefore lack rhodopsin, and do
not develop photoreceptor outer segments. RPE65-/- mice do not
express RPE65 protein essential for synthesis of visual pigment
chromophore, 11-cis-retinal, so even though they express the apo-
protein opsin, and have morphologically normal retina with photoreceptor
outer segments, they lack functional visual pigments. Analysis of the
retinal histology 24 h and 7 days after the exposure of dark-adapted
animals to 2 h of bright white fluorescent light (15,000 lux) have
demonstrated dramatic changes in wild-type animals. The changes were
initially evident as disruption and vesiculation of photoreceptor outer and
inner segments, and condensation of nuclear chromatin. This was
followed by massive degeneration and loss of photoreceptors. In
contrast, light exposure did not affect photoreceptors of Rho-/- nor
Rpe65-/- mice, which retained retinal morphology similar to the dark-
maintained controls. While these experiments have clearly shown that
the presence of rhodopsin is the main factor determining the
susceptibility to light damage, it needs to be remembered that a retina
devoid of rhodopsin is devoid of its primary function - visual perception. 
 
Several other studies also indicate that the degree of retinal
photodamage positively correlates with the rhodopsin content in the
retina before light exposure (121-123). Availability of dietary all-trans-
retinol (Vitamin A) as a precursor of 11-cis-retinal is one of the main
determinants of rhodopsin content. Vitamin A deprivation in rats makes
them more resistant to photodamage to the retina (121). Synthesis of
11-cis-retinal, and therefore also rhodopsin, can be pharmacologically
inhibited due to deficiency of all-trans-retinol (Vitamin A) despite
adequate dietary intake. All-trans-retinol normally circulates in the blood
plasma and is delivered to the RPE bound to a small 21 kDa monomeric
retinoid binding protein (RBP). To prevent glomerular clearance of RBP
from blood plasma to urine, RBP binds with a larger 55 kDa tetrameric
protein, transthyretin. Depletion of plasma levels of RBP-bound vitamin A
can be achieved by an anti-cancer drug Fenretinide [N-(4-hydroxyphenyl)
retinamide] (124-126). It has been demonstrated that Fenretinide
displaces all-trans-retinol from RBP (126). The complex of Fenretinide
with RBP does not bind to transthyretin, so it is rapidly cleared from the
plasma. As a result of decreased levels of RBP-all-trans-retinol complex
in the plasma, the total content of 11-cis-retinal, and thus also
rhodopsin, is substantially reduced in retinas of Fenretinide-treated light-
adapted mice, in comparison with vehicle-treated mice. 
 
Another factor affecting rhodopsin expression and its concentration in the
newly formed discs of POS is long-term adaptation to environmental light
(127, 128). Animals reared under a bright light-dark cycle exhibit lower
rhodopsin concentration, and are more resistant to retinal photodamage
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than animals reared under low intensity light or in the dark (121, 129-
131). However, it needs to be mentioned that other adaptive responses,
including antioxidant levels and the expression of pro-survivals trophic
factors, are also likely to play an important role (129, 130, 132). 
 
 
The rate of rhodopsin regeneration is an important factor
determining the susceptibility of the retina to photodamage.
Interestingly, under conditions leading to acute photodamage by bright
light, most rhodopsin is bleached within the first few minutes of exposure
(99). Subsequent experiments have revealed that the rhodopsin content
before exposure to light is not the only determinant of susceptibility to
photodamage. The efficiency of rhodopsin regeneration after
photobleaching turns out to be another important factor (133, 134)
(Figure 8). Slowing down rhodopsin regeneration is an effective way to
protect the retina from photodamage (135-137). 
 
 

 

Figure 8. Factors leading to inhibition of rhodopsin
regeneration and increased resistance against retinal
photodamage in a simplified diagram of phototransduction and
visual cycle. Absorption of a photon by rhodopsin (Rh) leads to
an ultrafast isomerization of the chromophore, 11-cis-retinal
(11cRal) to all-trans-retinal (atRal), which is followed by
conformational changes in the protein leading to the formation
of a biochemically active state Metarhodopsin II (MII). MII
activates a biochemical cascade leading to visual perception:
MII binds a heterotrimeric protein transducin (T) and allows for
exchange of GDP nucleotide for GTP in a subunit  of T. T
(GTP) dissociates from subunits  and  (T ) and activates
phosphodiesterase (PDE). Activated PDE (T (GTP)-PDE)
catalyzes hydrolysis of a cyclic nucleotide, cyclic guanosine
monophosphate (cGMP). In response to a decreased
concentration of cytoplasmic cGMP, cGMP molecules dissociate
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from cGMP-gated channels in the outer segment (OS) plasma
membrane, and as a result the cGMP-gated channels close (not
shown). This results in a reduced influx of sodium and calcium
cations to photoreceptors. Sodium cations are continuously
pumped out of the photoreceptors by ATP-dependent Na+/K+

pumps in the inner segments. Therefore, the closure of cGMP-
gated channels leads to the hyperpolarization of photoreceptor
plasma membrane, which, in turn, results in an inhibition of
synaptic secretion of glutamate - a neurotransmitter signalling
absorption of photons to the secondary neurons in the retina.
MII can catalyze activation of many subsequent T molecules
until it becomes phosphorylated (P) by rhodopsin kinase (RK)
and binds arrestin (Arr), which prevents further activation of T.
Eventually, all-trans-retinal (atRal) hydrolyzes from Meta II. To
regenerate rhodopsin, Arr dissociates, phosphates (P) are
removed from opsin by phosphatase, and opsin binds 11-cis-
retinal (11cRal) delivered from the RPE, which completes the
rhodopsin cycle. Hydrolyzed all-trans-retinal is enzymatically
reduced to all-trans-retinol (atRol). Then atRol diffuses out of
the OS and is transported by interphotoreceptor retinoid
binding protein (IRBP) to the RPE where it is chaperoned by
cellular retinol binding protein (CRBP). atRol is also supplied
from the blood where it is chaperoned by retinol binding
protein (RBP). In the RPE atRol is a substrate for lecithin:retinol
acyltransferase (LRAT), which esterifies it with fatty acids
forming all-trans-retinyl esters (atRE). AtRE are converted to
11-cis-retinol (11cRol) by isomerohydrolase RPE65. Next,
11cRol chaperoned by cellular retinal binding protein (CRALBP)
is oxidized by retinol dehydrogenases, such as RDH5, RDH11
as well as other oxidoreductases to 11-cis-retinal (11cRal).
Finally, 11cRal is transported out of the RPE and then by IRBP
to POS where it binds to opsin and regenerates rhodopsin. This
process refers to regeneration of rhodopsin in rods. Cones can
regenerate their visual pigments faster than rods and in the
absence of the RPE. Müller cells can convert atRol to 11cRol but
only cones, not rods, can oxidize 11cRol to 11cRal. The red
labels and arrows indicate normal pathways which disruption
inhibits regeneration of rhodopsin: 1) availability of all-trans-
retinol (vitamin A) in the retina determined by dietary intake
and/or availability of all-trans-retinol transporters in blood
plasma; 2) activity of isomerase RPE65 towards all-trans-
retinyl esters, which can be inhibited by 13-cis-retinoic acid
(known as Accutane, Isotretinoin) or retinylamine; 3) activity
of oxidoreductases oxidizing 11-cis-retinol to 11-cis-retinal
such as RDH5 and RDH11, which can be inhibited by 13-cis-
retinoic acid ; 4) availability of cellular retinal binding protein
(CRABP); 5) competitive inhibitors of rhodopsin regeneration
binding to its active site such as halothane; 6) lipid composition
of photoreceptor outer segment (OS) disc membrane which
affects its fluidity. Modified from (133, 134).

 
Slowing down rhodopsin regeneration can be a consequence of certain
mutations of RPE65 leading to a diminished isomerase activity of RPE65
protein and therefore limiting the rate of synthesis of 11-cis-retinal
(Figure 8) (135, 138-140). A methionine variant of residue 450 of mouse
RPE65 (which is normally leucine) is associated with a decreased
isomerase activity, inhibition of rhodopsin regeneration and increased
resistance of the retina to light damage (138). However, it needs to be
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remembered that RPE65 mutations in humans leading to inhibition of 11-
cis-retinal synthesis also lead to several retinal dystrophies, including
Leber's congenital amaurosis, which involve gradual loss of
photoreceptors and culminate in blindness at a young age (141-144). 

  
Another protein whose dysfunction leads to inhibition of rhodopsin
regeneration is cellular retinal binding protein (CRABP). CRABP normally
acts as an acceptor of newly synthesized 11-cis-retinal, and chaperones
it within the RPE cells. Albino mice with a non-functional CRABP gene
exhibit a 10-fold decreased rate of rhodopsin regeneration and resistance
to light-induced damage in comparison with the wild type (145). 

  
Changes in the lipid composition of photoreceptor disc membranes also
affect the rate of rhodopsin regeneration (136, 137). Dietary deprivation
of docosahexaenoate (DHA) and other omega-3 lipids (which can serve
as metabolic precursors of docosahexaenoate) leads to a substantial
depletion of DHA in POS discs, reduces the rate of rhodopsin
regeneration and prevents light-induced lesions even though the amount
of rhodopsin in dark-adapted eyes is increased (136, 137). It needs to be
remembered, however, that DHA is extremely important for proper
development and function of the retina and other neural tissues, and
plays multiple roles as an anti-apoptotic and anti-inflammatory factor
(146-148). Thus DHA deprivation is not a useful measure to prevent
retinal photodamage. 

  
Another way of inhibiting rhodopsin regeneration is anaesthesia with
halothane, which is thought to compete with 11-cis-retinal for the opsin
binding site (149-151). Mice and rats anesthetized with halothane are
completely protected against retinal injury induced by 60 minute
exposure to 13,000 lux of white fluorescent light, whereas animals
anesthetized with ketamine and/or xylazine exhibit massive
photoreceptor loss induced already by almost 8-fold smaller doses of
light (151). Thus, halothane anaesthesia may be considered as a
preferable option for ocular surgery during which the retina is likely to be
exposed to bright light from an operating microscope. 

  
Another pharmacological approach of slowing down rhodopsin
regeneration is delivery of inhibitors of RPE65 and other enzymes
involved in synthesis or transport of 11-cis-retinal (152-161). One of well
established inhibitors of the retinoid cycle is 13-cis-retinoic acid. 13-cis-
retinoic acid is clinically used as a drug called Isotretinoin or Accutane in
the treatment of severe acne and certain cancers. Patients taking the
drug often develop delayed dark adaptation, which may be perceived as
night blindness, a reversible side effect of that treatment. Treatment of
experimental rats with 13-cis-retinoic acid has been shown to inhibit
RPE65 and 11-cis-retinal dehydrogenase (11cRDH), and effectively
protect the retina from light-induced damage (158, 160, 162, 163). 

  
Other inhibitors of the retinoid cycle include 11-fluoro-all-trans-retinol,
11-cis-retinyl bromoacetate, retinylamine and its derivatives, as well as
non-retinoid compounds such as farnesylamine and certain isoprenoids
(152, 154-157, 159, 164). Experiments on rodents have demonstrated
that all-trans-retinylamine is a much more effective inhibitor of the
retinoid cycle and exhibits less potential toxicity than other inhibitors,
including 13-cis-retinoic acid (152, 156). 
 
The metabolic pathways of retinylamine also suggest that, at least in the
short-term, it is a safe retinoid derivative. In the RPE, all-trans-
retinylamine is reversibly N-acetylated by lecithin:retinol acyltransferase



2018/11/13 LIGHT-INDUCED DAMAGE to the RETINA

http://photobiology.info/Rozanowska.html 19/55

(LRAT) and stored, like all-trans-retinyl esters, in retinosomes (152,
155). Slow hydrolysis of all-trans-retinylamides in the RPE and liver is
believed to provide a supply of all-trans-retinylamine for the long-lasting
inhibition of the retinoid cycle. Wild type mice accumulate all-trans-
retinylamides in their RPE and liver which remain there for at least a
week after a single gavage administration of all-trans-retinylamine (152,
156). Importantly, all-trans-retinylamine does not inhibit LRAT activity
with regard to esterification of all-trans-retinol; the rate of esterification
of all-trans-retinol is about 50-100 times greater than all-trans-
retinylamine (155, 156). The primary action of all-trans-retinylamine is
blocking the isomerise activity of RPE65. Thus animals treated with all-
trans-retinylamine exhibit increased accumulation of retinyl esters and
inhibited synthesis of 11-cis-retinal (152, 155, 156). The inhibitory action
is persistent as long as stores of all-trans-retinylamides are available. In
LRAT knockout mice, which are unable to synthesize retinylamides, all-
trans-retinylamine is rapidly cleared from their eyes and livers, and the
rate of 11-cis-retinal production is restored (155). In both wild-type mice
and LRAT-/- mice, all-trans-retinylamine can be deaminated to all-trans-
retinol, which is then esterified to increase the storage pool of all-trans-
retinyl esters. However, in wild-type mice, this pathway of all-trans-
retinylamine metabolism is minor in comparison with amide formation. 

  
Notably, pre-treatment of mice with all-trans-retinylamine provides
complete protection against light-induced damage to the retina (153).
BALB/c mice exposed for 2 h to 5000 lux of white fluorescent light
(without pupil dilation) develop within a following week a massive loss of
photoreceptors and loss of both scotopic and photopic visual function in
the absence of all-trans-retinylamine. Amazingly, mice pre-treated with
3.5 mol all-trans-retinylamine show no significant differences in retinal
morphology compared with the dark-maintained control. Based on
effectiveness of protection from light-induced retinal injury, all-trans-
retinylamine appears to be the most promising retinoid cycle inhibitor for
applications in vivo. 

  
 
Why does the efficiency of rhodopsin regeneration matter in
susceptibility of the retina to photodamage? To understand why the
efficient regeneration of rhodopsin increases the susceptibility of the
retina to photodamage, we need to take a closer look at the retinoid
cycle (Figure 8, 9) (133, 134). After absorption of a photon, rhodopsin
chromophore, 11-cis-retinal undergoes an ultrafast isomerisation to all-
trans-retinal. This primary step is followed by conformational changes of
the protein opsin leading to the formation of biochemically active
metarhodopsin II. Metarhodopsin II initiates a cascade of events leading
to visual perception by activation of G protein, transducin (Figure 8). 
 
Activated transducin activates phosphodiesterase, which then degrades
cytosolic cyclic GMP (cGMP) nucleotides. Decreased cytoplasmic levels of
cGMP lead to dissociation of cGMP molecules from cGMP-gated channels,
which in turn leads to closure of those channels. As a result, the influx of
sodium and calcium cations is inhibited, and leads to a build up of
positive ions outside the photoreceptor plasma membrane culminating in
hyperpolarisation. Metarhodopsin II continues to activate subsequent
transducins until it becomes phosphorylated by rhodopsin kinase and
binds arrestin. In metarhodopsin II all-trans-retinal remains bound to the
lysine, but the Schiff base linkage is deprotonated (Figure 9). Eventually,
all-trans-retinal is hydrolysed from the protein but remains non-
covalently bound at the opsin "exit site" (165). While remaining in that
location, all-trans-retinal can serve as a substrate for an enzyme,
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photoreceptor retinol dehydrogenase (prRDH), which reduces it to all-
trans-retinol. However, if a new molecule of 11-cis-retinal is delivered
and bound to the opsin active site, all-trans-retinal dissociates from the
protein opsin to the lipid membrane before being enzymatically reduced
(165). 
 

 

Figure 9. Fate of all-trans-retinal in photoreceptor outer
segment disc membrane. Photoactivation of rhodopsin (Rh)
leads to formation of metarhodopsin II (MII) from which
eventually all-trans-retinal (ATR) is hydrolyzed. There are two
pathways leading to enzymatic reduction of all-trans-retinal to
all-trans-retinol (atRol) after hydrolysis from opsin. All-trans-
retinal can be either reduced by NADPH-dependent
photoreceptor dehydrogenase (RDH) while still being bound to
the opsin "exit site" or only after it is released to the inner
leaflet of the disk membrane as a result of rhodopsin
regeneration. Rhodopsin regeneration occurs upon binding to
opsin of 11-cis-retinal (11cRal) delivered from the RPE. The
reduction of all-trans-retinal is accelerated by ATP-binding
cassette transporter rim protein (ABCR, also known as ABCA4),
which is present in rims of photoreceptor discs and transports
all-trans-retinal complexed with phosphatidylethanolamine
(PE), N-retinylidene phophatidylethanolamine (NRPE) to the
outer leaflet of disc membrane, where all-trans-retinal can be
enzymatically reduced to atRol. Modified from (133, 291).

 
In mice, the enzymatic reduction all-trans-retinal to all-trans-retinol is a
relatively slow process (133, 134). Thus, rhodopsin regeneration is a
prerequisite for build-up of free all-trans-retinal in photoreceptor disc
membrane. Free all-trans-retinal is not only toxic as a reactive aldehyde
and, in the presence of redox active metal ions, a source of free radicals
in dark, but it is also a potent photosensitizer photoactivated by UV-A
and blue light (133, 134). Photoexcitation of all-trans-retinal with UV-A
or blue light is followed by an efficient intersystem crossing from an
excited singlet state and formation of an excited triplet state. The energy
of retinal triplet state is high enough to enable an efficient energy
transfer to molecular oxygen and, as a result, singlet oxygen is produced.
The quantum yields of singlet oxygen photogeneration by all-trans-retinal
are strongly solvent-dependent. In aprotic, non-polar solvents such as
benzene the value of quantum yield of 1O2 generation is 30% (166),
whereas in protic methanol - only 5% (167). Photoexcitation of all-trans-
retinal in methanol or in dimethylsulphoxide (DMSO):benzene mixture
leads to the formation of superoxide radicals (167, 168). 
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Figure 10. Hypothetical pathways by which all-trans-retinal
(atRal) accumulated in photoreceptor outer segments (POS) as
a result of photobleaching of visual pigments leads to
photodamage of photoreceptors and retinal pigment epithelium
(RPE). All-trans-retinal can mediate the generation of
superoxide radical anion (O2.-) in the dark, and O2.-, singlet
oxygen (1O2), and peroxides (ROOH) when irradiated with UVA
or blue light. Unless effective antioxidants and repair enzymes
counteract it, reactive oxygen species produced by atRal induce
oxidative damage to lipids and proteins, which may affect their
structures and functions, including inactivation of enzymes
involved in atRal removal (such as ABCR). Tips of the outer
segmentsd are phagocytosed daily by the RPE and are meant
to undergo lysosomal degradation. However, oxidatively
damaged lipids and proteins may no longer be susceptible to
degradation by lysosomal enzymes, and/or may inactivate the
enzymes. As a result of incomplete lysosomal degradation of
the outer segments, residual bodies, called lipofuscin (LF)
accumulate in the RPE. LF photoactivated by blue or green light
also generates reactive oxygen species and induces further
oxidation of intragranular components, some of which may leak
out of the granule and cause damage to cellular components of
the RPE leading to RPE dysfunction or even death. Some of the
oxidation products affect gene expression in the RPE, resulting
in a release of pro-inflammatory and pro-angiogenic cytokines.
Exocytosed lipofuscin may contribute to the formation of age-
related deposits, such as drusen, accumulating between the
RPE and Bruch's membrane, which separates the RPE from the
choroidal blood supply. Some components of those deposits
exhibit photosensitizing properties and include oxidation
products with pro-angiogenic and pro-inflammatory properties.
Moreover, oxidation leads to formation of crosslinks in the
Bruch's membrane contributing to loss of its permeability.
Modified from (134).

 
Both singlet oxygen and superoxide may induce oxidative damage to
cellular components (169, 170) (Figure 10). Singlet oxygen directly
induces the oxidation of guanine and several amino acid residues, as well
as the oxidation of unsaturated lipids, which results in the formation of
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lipid hydroperoxides. Unsaturated lipids are particularly enriched in the
retina, with abundance of docosahexaenoate with six unsaturated double
bonds, which is extremely susceptible to peroxidation. 
 
Superoxide can interact with nitric oxide, which is constitutively produced
by the retina, and forms extremely reactive peroxynitrite. Peroxynitrite
can nitrate lipids and proteins. Indeed, several studies have
demonstrated that lipid peroxidation and nitration of proteins is a result
of light-induced retinal injury (111, 133, 134). Superoxide dismutates to
hydrogen peroxide, which, in turn, may take part in Fenton type
reactions: hydrogen peroxide interacts with a reduced form of metal ion
such as Cu(I) or Fe(II) leading to oxidation of metal ions and
decomposition of the hydrogen peroxide to the hydroxyl anion and
extremely oxidizing hydroxyl radical (OH.). 
 
Hydroxyl radicals react rapidly with almost any type of biomolecule,
including unsaturated lipids where OH. can initiate a chain of lipid
peroxidation. A chain of lipid peroxidation may also be initiated by
decomposition of lipid hydroperoxides induced by redox-active metal
ions. Secondary products of lipid peroxidation include reactive
compounds which add to amino acid residues on proteins, often affecting
protein structure and function. Thus, an irradiation of the retina with blue
light in the presence of free all-trans-retinal imposes a risk of generation
of reactive oxygen species, lipid peroxidation, and oxidative modifications
of proteins within photoreceptor outer segments (Figure 10). 
 
It has been shown that photoexcited all-trans-retinal inactivates ATP-
binding cassette transporter rim protein, ABCR (also known as ABCA4),
which is present in the rims of photoreceptor outer segments discs, and
is involved in removal of all-trans-retinal from the discs (171, 172). ABCR
functions as a transporter of all-trans-retinal conjugated to
phosphatidylethanolamine to the outer leaflet of photoreceptor disc
membrane, thus facilitating its enzymatic reduction by retinol
dehydrogenase (RDH) (171-176). Inactivation of ABCR may lead to
further increase in accumulation of all-trans-retinal as long as there is
constant supply of 11-cis-retinal to photobleached visual pigments.
Stores of retinyl esters in human RPE account for about 2.5 mol eq of
total rhodopsin (177). Thus, in the worst case scenario, where a
sufficient supply of 11-cis-retinal is provided, but either ABCR or
photoreceptor RDH are inactive, the concentration of accumulated all-
trans-retinal in human retina can theoretically reach a staggering
concentration of 10.5 to 13 mM (based on rhodopsin concentration of 3
to 3.8 mM) (133, 134). 
 
Free all-trans-retinal forms Schiff base adducts with an abundant
component of photoreceptor discs, phosphatidylethanolamine (PE), N-
retinylidene phosphatidylethanolamine (NRPE). NRPE may interact with
another molecule of all-trans-retinal condensation products forming a
bisretinoid, called A2PE (Figure 11). Detection of A2PE and another
derivative of all-trans-retinal with PE, all-trans-retinal dimer in the retina,
and their corresponding hydrolysis products in the RPE indicate that
considerable concentrations of all-trans-retinal do accumulate in the
photoreceptor outer segments (133, 134). 
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Figure 11. Initial biosynthetic pathway for formation of a
lipofuscin fluorophore A2E. All-trans-retinal hydrolysed from
opsin binds to a highly abundant outer segment phospholipid,
phosphatidylethanolamine (PE), forming N-retinylidene
phosphatidylethanolamine (NRPE). Binding of another molecule
of all-trans-retinal to NRPE is required to form A2PE. Upon
lysosomal cleavage of A2PE in the RPE, A2E is formed and
stays there as a component of lipofuscin (LF).

 
Effects on RPE of photodamage to photoreceptor outer segments.
Due to an intimate contact between photoreceptor outer segments (POS)
and processes of the RPE surrounding them, it may be suggested that
oxidative damage initiated by all-trans-retinal may easily spread from
POS to the apical membranes of the RPE. Moreover, the risk of
photodamage to the RPE mediated by all-trans-retinal may be increased
as POS are constantly renewed and the outer segment tips are
phagocytosed daily by the RPE (178). The phagosome fuses with
lysosomes, and its content is meant to undergo lysosomal degradation.
However, acidification of phagosomes may further intensify the oxidative
damage due to protonation of superoxide radical anions, which then
become more reactive and capable of initiating a chain of lipid
peroxidation. On the other hand, a derivative of all-trans-retinal, a
pyridinium bisretinoid called A2E (Figure 11) inhibits lysosomal proton
pumps. As a result of an increased pH, activities of lysosomal enzyme are
decreased. Certain products of lipid peroxidation have been shown to
inhibit lysosomal enzymes directly. Moreover, oxidation of lipids and
proteins leads to formation of adducts of proteins with products of lipid
oxidation and cross-linked proteins no longer susceptible to degradation
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by lysosomal enzymes (179). As a result of incomplete lysosomal
degradation, residual granular bodies accumulate with age in the RPE
called age pigment or lipofuscin (Figure 11) (133, 134). 
 
Lipofuscin accumulation can be significantly reduced by dietary deficiency
of vitamin A (ingested as all-trans-retinol, all-trans-retinyl palmitate or
its precursors - beta-carotene or cryptoxanthin) or by pharmacological
impairment of vitamin A delivery to the eye induced by Fenretinide
(126). It has been shown that the rate constants of rhodopsin
regeneration after photobleaching are similar in Fenretinide-treated mice
and vehicle-treated mice; importantly however, Fenretinide-treated mice
exhibit smaller concentrations of accumulated all-trans-retinal after
exposure to light. 
 
All the conditions discussed earlier that increase susceptibility to retinal
photodamage by allowing for efficient regeneration of rhodopsin, and
therefore accumulation of all-trans-retinal, have been also shown to
accelerate the formation and accumulation of RPE lipofuscin (Table 1)
(133, 134). Increased accumulation of lipofuscin is observed in RDH12
knockout mice with an accelerated synthesis of 11-cis-retinal, as well as
in ABCR, RDH8, or RDH12 deficient mice in which a delayed clearance of
all-trans-retinal from photoreceptor outer segments after photobleaching
of visual pigments occurs (175, 180-182). Oxidative stress also increases
lipofuscin accumulation (183-193). However, the critical role of all-trans-
retinal in formation of RPE lipofuscin is underscored by experiments
where rodents receiving intravitreal injections of iron ions accumulate
increased lipofuscin in the RPE but lipofuscin accumulation is not
increased in animals with vitamin A deficiency despite the injection of
iron which does cause severe damage to photoreceptors (187).
Consistently, all approaches to inhibit the retinoid cycle and thus
minimize accumulation of all-trans-retinal and reduce the risk of
photodamage to the retina, also decrease lipofuscin accumulation (126,
154, 163, 187, 194-199) (Table 1). There are also several diseases of
human retina and their animal models where increased lipofuscin
accumulation is observed and, and while still largely unproven, may be
ascribed to an increased accumulation of retinals and oxidative stress in
the retina (134) (Table 1). 

  
Table 1. Factors affecting accumulation of lipofuscin in the retinal
pigment epithelium (RPE). 
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Role of lipofuscin in photodamage to the retina. Lipofuscin
accumulates progressively throughout life reaching almost 20% of
cytoplasmic volume by the age of 80 (200). Due to its broad-band
fluorescence when excited with blue or green light, lipofuscin
accumulation can be detected not only in histological sections but also in
vivo by laser scanning ophthalmoscopy (201, 242, 243). 

  
Accumulation of RPE lipofuscin is greatly accelerated in certain retinal
diseases (242). All human diseases related with an increased
accumulation of the RPE lipofuscin, as well as some animal models of
those diseases, are also related with subsequent dysfunction of the RPE
and photoreceptors leading to their atrophy (201, 208, 209, 231, 242,
244, 245). While it still remains to be definitively proven whether
lipofuscin is a causal factor in retinal degeneration, there is a growing
body of evidence suggesting that lipofuscin can be detrimental to the
function and viability of the RPE and neighbouring cells. Age-related
accumulation of lipofuscin in whites correlates with loss of underlying
photoreceptors (244). The distribution of lipofuscin also correlates with
initial degenerative changes observed in age-related macular
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degeneration (AMD) (201, 246). Measurements of lipofuscin fluorescence
and progression of atrophic areas in patients also suggest that areas with
increased accumulation of lipofuscin are more likely to become atrophic
than other areas (242, 245). 
 
While accumulation of lipofuscin can be a result of photodamage to the
retina, once present in the RPE, lipofuscin can itself propagate photo-
oxidative damage (133, 134) (Figure 10). With age there is an increase
in susceptibility of the RPE to photooxidative damage (133). Several lines
of experimental evidence: i) lipofuscin-dependent phototoxicity to
cultured human RPE cells; ii) an age-dependent increase in lipofuscin
content and susceptibility of RPE cells to photooxidation; and iii)
similarities of the action spectra of photo-induced oxidation, indicate that
lipofuscin is at least in part responsible (105, 247). 
 
Irradiation of lipofuscin with narrow-band light results in oxygen uptake
whose efficiency monotonically increases with decreasing wavelength in
the range of 600 nm down to 280 nm (247). Irradiation of lipofuscin
granules with blue light leads to photosensitized generation of singlet
oxygen which diffuses out of the granule to oxidize extragranular
biomolecules (247). Blue light photoexcitation of lipofuscin granules also
leads to generation of superoxide, hydrogen peroxide, lipid
hydroperoxides and malondialdehyde (247, 248). Hydrogen peroxide
accounts for only ~1% of molecular oxygen consumed during the
irradiation of lipofuscin, while the majority of oxygen is used for oxidation
of intragranular components (249). Lipofuscin contains abundant
polyunsaturated lipids, so not surprisingly, irradiation of lipofuscin with
visible light leads to the formation of lipid hydroperoxides, and
subsequently aldehydic products of lipid peroxidation. Also, extragranular
lipids and proteins are susceptible targets of photoinduced oxidation in
the presence of photoexcited lipofuscin (247, 249, 250). Chloroform-
methanol extraction of lipofuscin gives chloroform soluble lipophilic
fraction and chloroform insoluble material (251). Both fractions exhibit
substantial photoreactivity. 
 
 
Photoreactivity of lipophilic components of lipofuscin. Lipophilic
extract of lipofuscin exhibits a broad absorption spectrum with absorption
coefficient monotonically increasing with decreasing wavelength (Figure
12), and it includes potent photosensitizer(s), which upon
photoexcitation form an excited triplet state (166, 252). Lipofuscin triplet
state exhibits a broad absorption spectrum with a maximum at about
440 nm and a rate of decay to the ground state of about 1 x 105 s-1 in
argon saturated hexane or benzene corresponding to a lifetime of 10.5 
s. The triplet interacts with oxygen with a bimolecular rate constant of
1.2 x 109 M-1s-1. 
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Figure 12. (A) Estimated upper limits for absorption of UV
and visible light by all-trans-retinal (atRal) and chloroform
soluble components of lipofuscin (SLF) and a component of
lipofuscin called A2E in the retina. Absorption spectra of all-
trans-retinal correspond to 3.8 mM and 13.3 mM solutions of
all-trans-retinal in optical pathlength of 31.2 m corresponding
to length of photoreceptor outer segments in the perifovea.
Concentration of 3.8 mM corresponds to the concentration of
rhodopsin in dark adapted outer segments and the
concentration of 13.3 mM corresponds to the worst-case
scenario where all stores of retinyl esters were mobilised and
converted to 11-cis-retinal for regeneration of rhodopsin, which
was subsequently photobleached and all-trans-retinal was
hydrolysed from opsin but no enzymatic reduction to all-trans-
retinol has taken place. Absorption spectra of soluble
components of lipofuscin (SLF) in the RPE are based on (i)
absorption spectra of measured dry weight of these
components solubilized in benzene; (ii) the content of
chloroform-soluble components of lipofuscin per lipofuscin
granule, 0.093 pg/granule (251); (iii) an estimated number of
granules of 7,966 per RPE cell where lipofuscin occupies 19%
of cell volume, and a lipofuscin volume is calculated based on
an average diameter of lipofuscin granule of 0.5 m; and (iv)
thickness of the RPE layer of 14 m. Absorption spectra of A2E
are based on content of A2E in lipofuscin granule of 7.8 x 10-20

mol/granule (105), and other assumptions as above. This leads
to an averaged A2E concentration in the RPE of 0.224 mM. The
integrated absorption of the visible light (>390 nm) of
lipofuscin soluble components is 120 times greater than for
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A2E. Inset: Absorption spectrum of A2E after blowing out the
ordinate axis. Note that the calculations of the expected
absorption of light by all-trans-retinal, lipofuscin extract and
A2E refer to chromophores in solutions. Under physiological
conditions, all chromophores are present in photoreceptor discs
or are encapsulated within lipofuscin granules, and therefore
their absorption cross-section in photoreceptor outer segments
or the RPE may be substantially smaller than that in solution. 
 
(B, C, D) Wavelength dependence of initial rates of light-
induced oxygen uptake normalized to equal number of incident
photons (action spectra of photooxidation) for suspension of
lipofuscin granules (LF) (B), insoluble (ILF) and soluble (SLF)
components of lipofuscin (C) and A2E in liposomes containing
unsaturated lipids as oxidation substrate (D). The maximum in
each graph was taken as 100%. Note, the rate of
photooxidation increases with decreasing wavelength for LF,
SLF, and ILF, while for A2E it exhibits a maximum which
matches maximum in its absorption spectrum. Modified from
(133, 134).

 
The energy of the lipofuscin triplet state is high enough to be transferred
to molecular oxygen to form singlet oxygen (166). The quantum yields of
singlet oxygen generation by photoexcited lipofuscin are dependent on
the excitation wavelength, solvent and oxygen concentration. Excitation
with 355 nm UV light or blue light (420-440 nm) of a lipophilic extract of
lipofuscin solubilised in air-saturated benzene results in the generation of
singlet oxygen with a quantum yield of about 8% and 5%, respectively.
It suggests that there are different photosensitizers involved and/or
contributions of chromophores with different photosensiting properties
are different at 355 nm than at 420-440 nm. 
 
Photoexcitation of lipofuscin extract in methanol leads to the formation of
an excited triplet state with a lifetime of 7 s (252). The quantum yield
of photosensitized formation of singlet oxygen in air-saturated methanol
is 5% (the same as for all-trans-retinal) (252, 253). Saturation of
lipofuscin solution in benzene with oxygen leads to a substantial increase
in quantum yields of singlet oxygen up to 15% and 9% for excitation
with 355 nm and blue light, respectively (166). The increase may be
explained by the presence of photosensitizers with triplets with lifetimes
shorter than 10.5 s. Alternatively, the increased concentration of
oxygen may facilitate intersystem crossing of excited singlet states. It
has been demonstrated that lipofuscin includes different fluorophores
with singlet state lifetimes of about 60 ps, 0.32 ns, 1.2 ns, and 4.8 ns.
Particularly the latter two fluorophores in their excited singlet states are
sufficiently long-lived to allow for an efficient interaction with ground
state oxygen, leading to an enhanced intersystem crossing to form
lipofuscin triplet state and/or an energy transfer from an excited
lipofuscin singlet state to oxygen and formation of singlet oxygen. 
 
Superoxide is a minor product generated by photoexcited lipofuscin in
comparison with singlet oxygen. The quantum yield of blue light-induced
generation of superoxide in a 9:1 mixture of dimethylsulfoxide and
benzene is only ~0.1%, that is about 50 times smaller than for singlet
oxygen (254). 
 
One of lipophilic components of lipofuscin is A2E (255, 256). A2E
provides only 0.8% contribution to absorption of visible light by lipofuscin
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granule, and exhibits very weak photosensitising properties, so the
contribution of A2E to the photoreactivity of lipofuscin is only minor (133,
134) (Table 2, Figure 12). For example, A2E contributes at most 1 singlet
oxygen molecule per 300 singlet oxygen molecules generated by
lipofuscin. A2E contributes at most 1 superoxide molecule per 384
superoxide molecules generated by lipofuscin. 
 
Table 2. Contributions of lipofuscin extracts and one of its component,
A2E to content of lipofuscin granule, and comparison of photosensitizing
properties of lipophilic extract of lipofuscin with A2E (133, 134). 

  

 
  

A2E has attracted a great deal of attention due to its (photo)toxic
properties to RPE cells studied in vitro (255). However, studies of
lipofuscin phototoxicity demonstrated dramatic phototoxic effects induced
by concentrations of lipofuscin corresponding to concentrations of A2E of
only 13 ng per million cells, which is at least two orders of magnitude
smaller than the A2E concentration needed to exert detectable toxic
effects on RPE cells in the dark, and about 17 times smaller than the
lowest A2E concentration needed to exert toxicity upon exposure to a
450 J/cm2 dose of blue-green light (390-550 nm) (105, 259). Cells fed
with 300 lipofuscin granules per cell and exposed to doses of blue-green
light up to 121 J/cm2 exhibit inhibition of antioxidant and lysosomal
enzymes, changes in morphology with loss of integrity of the monolayer,
loss of lysosomal integrity, enhanced accumulation of lipid peroxidation-
derived aldehydes, malondialdehyde and 4-hydroxynonenal, DNA
damage and greatly reduced cell viability (105, 106, 260, 261). 
 
Most studies of (photo)toxic effect of A2E were performed with A2E
solution in dimethylsulphoxide injected to cell culture medium (133,
134). Under physiological conditions A2E is present in the lipofuscin
granule, and recent studies indicate that A2E is strongly anchored within
that granule (179). Incubation of lipofuscin granules in the presence of
proteinase K and SDS leading to removal of most proteins from the
granule, does not affect the concentration of A2E still remaining in the
granule. It can be suggested that due to encapsulation of A2E in the
lipofuscin granule, A2E is unlikely to exert any deleterious effects on
mitochondria, DNA, and transport proteins, which were observed in
experiments with delivery of A2E in solution. 
 
Within lipofuscin granules, A2E is very likely to undergo photooxidation.
Oxidation products of A2E include a variety of epoxides, cyclic peroxides,
furanoid oxides and carbonyls (262-270). Several of these products have
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been identified in human RPE post mortem. Again, in vitro studies with
delivery of A2E to cultured RPE cells in solution and subsequent
photooxidation, or direct delivery of A2E oxidation products of A2E in
solution have demonstrated several detrimental effects of A2E oxidation
products including DNA damage, induction of pro-angiogenic factors,
activation of complement cascade and other pro-inflammatory pathways
(133, 134). It remains to be shown whether those A2E oxidation
products can stimulate those effects while being trapped in the lipofuscin
granule. 

  
Another identified lipophilic component of lipofuscin is all-trans-retinal
dimer-phosphatidylethanolamine, as well as its derivatives, all-trans-
retinal dimer-ethanolamine and all-trans-retinal dimer, and their
protonated forms (271). It has been demonstrated that all-trans-retinal
dimer and its derivatives generate singlet oxygen upon photoexcitation
with 430 nm or 500 nm light, but the yields of singlet oxygen have not
been quantified. Interestingly, oxidation products of docosahexaenoate,
an abundant component of photoreceptor outer segment membranes and
also present in lipofuscin, have been shown to exhibit photosensitizing
properties upon photoexcitation with UV or blue light (272). The
absorption spectrum of a mixture of oxidized docosahexaenoate exhibits
an increasing absorption coefficient with decreasing wavelength in a
range of 300-600 nm. Photoexcitation of oxidized docosahexaenoate with
355 nm or blue light leads to the formation of a triplet state similar to
that of lipophilic extract of lipofuscin. The triplet state is quenched by
oxygen, which leads to photosensitized generation of singlet oxygen.
Continuous irradiation of oxidized docosahexaenoate with blue light leads
to photosensitized generation of superoxide. 

  
 
Photoreactivity of chloroform-insoluble components of lipofuscin.
Chloroform-insoluble components of lipofuscin also exhibit the ability to
photosensitize the generation of singlet oxygen, superoxide and oxidation
of exogenous lipids and proteins (251). Both the soluble and insoluble
parts of lipofuscin granule undergo photooxidation, and exhibit the ability
to oxidize exogenously added lipids and proteins. Interestingly, both
soluble and insoluble fractions of lipofuscin demonstrate no age-related
changes in photoreactivity when studied at the same concentration of dry
mass, even though lipofuscin granules become more photoreactive with
age. With age there is an increase in content of insoluble components in
an average lipofuscin granule, while the contribution of the soluble part
remains constant. Thus, the age-related increase in photoreactivity of an
average lipofuscin granule can be explained by the increase of the
insoluble part. 
 
 
Is the photoreactivity of RPE lipofuscin harmful to the retina? 

 In vivo, lipofuscin granules are continually exposed to visible light (400-
700 nm) and high oxygen tensions [about 70 mm Hg (109)], thus
providing ideal conditions for the formation of reactive species, with the
potential to damage cellular proteins and lipid membranes. However, the
retina is equipped with a number of antioxidants and detoxification
enzymes. Thus, it may be argued that in order to cause damage, the
fluxes of reactive species generated by lipofuscin need to exceed the
capacity of those cellular defences. 
 
 
How is the Retina Protected From Light-Induced Damage? 
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There are many natural mechanisms protecting the retina from excessive
exposure to light. They include ocular geometry where the light is partly
blocked by the eyelids from entering the eye through the pupil (273).
Aversion response to bright light and squinting further protect from
excessive exposure. Furthermore, dilation or constriction of the pupil
(known as pupillary light reflex) is responsible for adjusting the light
levels reaching the retina within two orders of magnitude. 
 
Long-term exposure to environmental light results in several adaptive
responses of the retina. As mentioned earlier, depending on light levels
the animals are reared at, the concentration of rhodopsin is regulated, so
the resultant flux of absorbed photons in the rod outer segment layer is
relatively steady, independent of the seasonal changes of intensity of the
environmental light (so called photostasis) (274). For animals reared in
bright light rhodopsin synthesis is down-regulated, while ubiquitin-
mediated rhodopsin degradation is increased (275, 276). Moreover,
rearing animals in bright light results in an increase in the cholesterol
content, and a decrease in polyunsaturated lipid content, such as
docosahexaenoate, in photoreceptor outer segments (277-280). This
change in the lipid environment of rhodopsin in photoreceptor discs
strongly decreases the ratio of formation of biochemically active
metarhodopsin II to biochemically inactive but thermally stable
metarhodopsin III, both of which are formed upon photoexcitation of
rhodopsin (133, 134). It can be suggested that as a result of a
diminished concentration of metarhodopsin II, the rate of accumulation
of free all-trans-retinal is diminished. A substantial depletion of
docosahexaenoate in rats distinctly decreases the regeneration rate of
rhodopsin and prevents white light-induced retinal injury. These changes
in composition in photoreceptor outer segments require time. As it takes
about 2 weeks to shed and replace all rod outer segment, it may be
argued that this is a minimal time needed to adjust the molecular
composition of photoreceptor outer segments to the new intensity of the
environmental light. This mechanism is probably sufficient to adapt to
seasonal changes in environmental light intensity. However, when we
escape for short holidays from a cloudy and rainy country to a place in
the sun, or a skiing resort high up in the mountains, we often return back
home before our retina becomes fully adapted to the higher light level. 

  
Relatively high concentrations in the retina of low-molecular weight
antioxidants, such as hydrophilic ascorbate (vitamin C), or lipophilic
alpha-tocopherol (vitamin E) or xanthophylls, lutein and zeaxanthin can
protect biomolecules from photosensitized damage by scavenging free
radicals, breaking chains of lipid peroxidation and quenching excited
triplet states and singlet oxygen (170, 281). The outer retina exhibits
also high concentrations of antioxidant enzymes (281, 282). Antioxidant
enzymes, such as superoxide dismutase, catalase and glutathione
peroxidise are responsible for catalysis of dismutation of superoxide to
hydrogen peroxide, and for decomposition of hydrogen peroxide and lipid
hydroperoxides (Figure 13). 
 
It is important to stress that there is no single antioxidant that can offer
better protection than an appropriate mixture of different antioxidants
(Figure 13). For example, lipophilic alpha-tocopherol and hydrophilic
ascorbate can offer synergistic protection (170). As a result of
scavenging of peroxyl radicals, alpha-tocopherol breaks a chain of lipid
peroxidation but becomes a free radical itself. While the alpha-
tocopheroxyl radical is much less reactive than lipid-derived peroxyl
radicals, its build-up in the lipid membrane may eventually lead to a
propagation of lipid peroxidation. Hydrophilic ascorbate can reduce



2018/11/13 LIGHT-INDUCED DAMAGE to the RETINA

http://photobiology.info/Rozanowska.html 33/55

alpha-tocopheroxyl radical back to the parent molecule, thus
regenerating the lipophilic antioxidant ready to scavenge another peroxyl
radical. As a result of hydrogen transfer, ascorbate becomes a hydrophilic
ascorbyl radical. Ascorbyl radicals disproportionate to ascorbate and
dehydroascorbate. Ascorbyl radical and dehydroascorbate can be either
enzymatically reduced back to ascorbate, or further metabolized and
removed to the blood plasma and then to the urine. 

  
 

 
  

 

Figure 13. Antioxidant and detoxification pathways potentially
involved in protection against photosensitized damage to the
retina (Upper Figure). Retinal antioxidants include non-
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enzymatic antioxidants (such as xanthophylls (XAN),
tocopherols (TOH), lipoic acid (LPA), ascorbate (AscH-),
glutathione (GSH); enzymatic antioxidants (such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidises
(GPX); and a number of repair and detoxification enzymes as
well as efflux transporters removing damaged biomolecules
from the cell. To provide an efficient protection against
(photo)oxidative damage a cooperation of different antioxidants
is needed. 

 Lower Figure: An example of mechanisms involved in co-
operation of antioxidants. Free radicals (R.) in the lipid
membrane can be scavenged by antioxidants, such as lipophilic
tocopherol (TOH) or xanthophylls (XAN). XAN can add R. and
form a resonance-stabilized radical adduct ([R-XAN].) or reduce
R. by electron transfer or hydrogen donation to produce RH.
When TOH acts as electron donor, the relatively benign
tocopheryl radical (TO.) is formed. The TO. can be reduced, and
therefore regenerated to the parent molecule, by ascorbate
(AH-). The xanthophyll cation radical (XAN.+) is directly formed
when XAN acts as an electron donor. XAN.+ can be recycled to
regenerate XAN through a reduction reaction involving
lycopene (LYC), TOH, AH- and/or melanin (Mel). The benign
lycopene cation radical (LYC.+), TO., ascorbyl radical (A-),
and/or melanin radical (Mel.) are formed. Thus, in the presence
of other antioxidants, such as TOH, AH- and Mel, XAN can be
spared from degradation and therefore may provide longer
lived protection as singlet oxygen quenchers.

 
Another example of cooperation between antioxidants to achieve
synergistic protection from photosensitized damage is the cooperation
between lipophilic carotenoid, zeaxanthin and either lipophilic alpha-
tocopherol or hydrophilic ascorbate (283, 284). Due to its low energy
excited triplet state, zeaxanthin is an efficient quencher of excited triplet
states of photosensitizers and singlet oxygen. However, it loses those
properties when degraded due to interaction with free radicals. Ascorbate
and alpha-tocopherol can reduce and therefore regenerate parent
xanthophylls from the semi-oxidized xanthophyll cation radical. Moreover,
by scavenging free radicals more effectively than xanthophylls, they can
protect the xanthophyll from degradation, which allows it to function
longer as a quencher of electronically excited states. 

  
When the extent of peroxidation exceeds the capacity of the antioxidant
defences, multiple end-products of lipid peroxidation are formed,
including reactive carbonyls, and epoxides. As they are often
hydrophobic, an efficient detoxification enzyme and transport system has
evolved which eliminates these products from the cell (285-288). For
example, glutathione transferase can conjugate lipid-derived aldehydes
with glutathione, which makes them more water soluble to enable their
removal from the lipid membrane, and then from the cell. Long-term
adaptation to the environmental light also includes increased
concentrations of low-molecular-weight antioxidants in the retina, such
as vitamin E and vitamin C, and their levels increase proportionally to the
increase in light intensity (279, 280). All these adaptive mechanisms to
environmental light are at least partly effective in preventing light-
induced damage to the retina (133, 134). 
 
 
Conclusion 
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Visible light reaching the retina is essential for visual perception, but,
despite the retina being equipped with several mechanisms to protect
itself, it is easy to expose the retina to light levels that exceed these
natural defences and cause damage. The life-long build-up of oxidative
damage, part of which is due to light-induced damage, can contribute to
the age-related changes and degenerations observed in the aged retina.
A better understanding of the photo-induced processes in the retina is
needed to help to predict what levels of illumination are safe for the
normal retina, and elucidate the conditions under which even ambient
solar radiation may impose a risk of retinal photodamage. 
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