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The fact that light is necessary for life is generally accepted as an axiom. The extent to which light in-
teracts and influences human biology, however, is often not fully appreciated. Exposure to sunlight, for
instance, can both promote and degrade human health. There is now general scientific consensus that,
although the eye evolved to respond to light, it is also damaged by excessive exposure. Light-mediated
ocular damage is involved in the pathophysiology of many common forms of blindness. The type of
ocular tissue damage induced by light exposure depends on the extent of exposure and wavelength. The
tissues of the lens, cornea, and retina contain specific chemical moieties that have been proven to exhibit
light-mediated oxidative degradation. Proteins and lipids present in the cornea, lens, and retina, meet all
of the physical requirements known to initiate the process of oxidative photodegradation upon exposure
to solar radiation. As such, different mechanisms have evolved in the lens, cornea, and retina to
ameliorate such light-mediated oxidative damage. It appears, however, that such mechanisms are ill-
matched to handle modern conditions: namely, poor diet and longer life-spans (and the degenerative
diseases that accompany them). Hence, steps must be taken to protect the eye from the damaging effects
of light. Preventative measures include minimizing actinic light exposure, providing exogenous filtering
(e.g., through the use of protective lenses), and enhancing antioxidant defenses (e.g., through increased
dietary intake of antioxidants). These strategies may yield long-term benefits in terms of reducing
oxidative photodegradation of the ocular tissues.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

The absorption of visible light in the retina and the subsequent
chemical conversions are the first sept in all subsequent visual
processing (Wald, 1945; Tang et al., 2013). This very exposure,
however, may also be associated with pathological consequences.
Actinic light exposure is central to the pathophysiology of the most
common forms of blindness (Young, 1992). Age-related cataract, for
instance, is the leading cause of blindness in the world and UV-
mediated modification of crystalline lens proteins is a primary
event in its development. Age-relatedmacular degeneration (AMD)
is the leading cause of blindness in the developed world. Epide-
miological data in the USA indicate an overall prevalence (>40
years of age) of AMD of 6.5% (Klein et al., 2011). A recent meta-
analysis of 14 studies by Sui et al. (2013) showed an average
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increase of AMD risk due to sunlight exposure of about 38%
(OR ¼ 1.379, 95% CI ranging from 1.091 to 1.745, P ¼ 0.007).

The very existence of life on earth is dependent upon light from
the sun. Not all energy arising from our sun, however, is incident on
the planet surface. As shown in Fig. 1, electromagnetic energy from
the sun extends from around 200 to over 2500 nm. Exposure to the
very high-frequency end of that continuum (cosmic radiation) is a
significant factor in the disease risk of astronauts (e.g., Cherry et al.,
2012). Fortunately, the earth's magnetic field and atmosphere
(ozone) absorb or reflect nearly all of the electromagnetic energy
below about 260 nm (Norval et al., 2007). The very energetic
waveband between about 260 and 400 nm does make it to the
surface (about 97% of that is UVA, 315e400 nm). The amount
present at any given time, however, varies dramatically depending
on altitude, latitude, time of day, season and local weather condi-
tions. Fig. 2 demonstrates these large changes as measured during
different seasons and climate regions in China.

The impact of light on the eye and the ocular tissues affected are
influenced by both the degree of UV exposure and the wavelength
of the light entering the eye. An immediate challenge when
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Solar spectral irradiance (derived from Mecherikunnel and Richmond, 1980).

Fig. 2. Monthly average daily UV radiation measured at different locations throughout China (derived from Bo et al., 2010).
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evaluating an actinic role of light is quantifying exposures that can
vary so tremendously. For example, Sasaki et al. (2011) recently
assessed the validity of one common measure of exposure: the
solar UV index. They found that the index was, essentially, invalid
as a measure of ocular risk because the model is based on such a
limited number of dependent variables: exposure estimates, for
instance, were limited to ambient solar radiation impinging on an
unobstructed horizontal plane (e.g., the top of the head). The timing
of the measurement is critical; daily UV exposures vary
Please cite this article in press as: Hammond, B.R., et al., Oxidative ph
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tremendously by time of year and even throughout the day. For
instance, measurements taken in Kanazawa, Japan indicated that
the peak ocular exposure occurring for most of the year was not at
solar noon, as would be predicted by the UV index, but at mid-
morning and mid-afternoon. This is due to the increase in direct
and reflected sunlight into the eye at lower solar angles, and the
occlusion of the sun at higher solar angles by the superior orbital
rim of the eye socket and eyebrow (Merriam, 1996). Fig. 3 sum-
marizes these results and illustrates the inherent photo-protection
otodegradation of ocular tissues: Beneficial effects of filtering and
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Fig. 3. The average irradiance of the eye as a function of time of day (derived from Sasaki et al., 2011). The energy measurements were made at the right eye of a mannequin facing
the sun on a relatively clear fall day. Note that the peak energy of the sun is around Noon (e.g., the amount striking the top of the head) but the maximum entering the eye is around
9 AM. This is due (as illustrated) to the solar altitude being at the optimal angle (~40�) for entering the eye. The skull (e.g., supra-orbital ridges), eye brows, and eyelids protect the
eye when the sun is closer to zenith.

Fig. 4. The penetration of wavelength within the ocular orbit (derived from Boettner and Wolter, 1962).
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of the eye provided by the evolved shape of the human head. The
peak ocular exposure time shifts in the fall and winter to solar
noon, as the maximum daily solar altitude drops below this oc-
clusion angle (Sasaki et al., 2011). Sui et al. (2013) recently noted
that many of the differences found across studies on the effects of
sunlight on the incidence of AMD were attributable to a failure to
control for differences due to factors such as gross domestic
product and latitude.

When accounting for potentially noxious effects of light, one
must therefore consider how light enters the eye. Light can enter
Please cite this article in press as: Hammond, B.R., et al., Oxidative ph
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the eye either directly or obliquely, with both likely having different
clinical significance. For example, UV radiation entering obliquely
from the temporal side (which is mostly blocked on the opposite
side by the nose; Coroneo, 2011) can reach the cornea, which
contains the more lipid-and-oxygen rich epithelial cells (around
the medial limbus), and the lens (aided by focusing from the
cornea). Such light is strongest at 40� solar altitude and has been
strongly implicated (Chao et al., 2013) in the development of pin-
guecula and pterygium (benign growths of the conjunctiva). Since
it is UV radiation coming in unobstructed from the side, sunglasses
otodegradation of ocular tissues: Beneficial effects of filtering and
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Fig. 5. Oxidative photodegradation triangle.

Fig. 6. UVR energy as measured over 12 months plotted along with the increase
(dashed line) in carbonyl absorbance (derived from Trozzolo, 1972).
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with side-shields are often recommended to help prevent this
disorder.

Once light impinges on the corneal surface, how that light will
interact with ocular tissues is largely determined by wavelength
because the depth of penetration is largely, and positively, related
to wavelength. The anterior portions of the eye (the cornea and the
crystalline lens) absorb UV most strongly: primarily UVB
(280e315 nm) and UVA (315e400 nm) (Bachem, 1956). The cornea
absorbs 60%e100% of the UVB but only about 20%e40% of the UVA.
The lens absorbs most radiation up to 360 nm, allowing a signifi-
cant proportion of UVA, visible (400e700 nm), and infrared radi-
ation to reach the retina (Boettner and Wolter, 1962; Dillon et al.,
2004; Gaillard et al., 2011; van Norren and Vos, 1974; Pitts and
Tredici, 1971; Savage et al., 2001; van de Kraats and van Norren,
2007a,b). Although infrared may reach the retina, and may pose a
risk during intense exposures, anterior tissues such as the lens
appear most often affected (Voke, 1999), and then only when
infrared levels are exceptionally high (as can happen with some
occupations; hence descriptors such as glass-blower's cataract).
More subtle long-term influences are possible since heat can both
denature proteins and raise the overall energy state of tissue such
that it is more susceptible to photo-oxidative damage. For example,
it has been argued that heat transfer from the iris (via the vascu-
lature) may be one reason why individuals with darker irises are
more susceptible to cataracts (Pitts and Cullen, 1981).

Although the retina is exposed to all of the visible range, the
most severe retinal damage is likely to result from the effects of the
shorter wavelengths (400e500 nm); this is commonly known as
the “blue-light-hazard.” The penetration of the various wavebands
of light into the ocular orbit is illustrated in Fig. 4.

To mitigate the risks of damage to ocular structures associated
with light exposure, two main strategies (other than avoiding
exposure) have emerged: simple filtering and increasing the anti-
oxidant protection of tissues. The efficacy of filtering strategies
could potentially be evaluated using the ocular ambient exposure
ratio (OAER), which quantifies the ratio of ocular to ambient light
exposure for a given individual. When the OAER was measured in
outdoor workers using polysulfone UV (295e320 nm) sensitive
film, it ranged from as low as 2% to as high as 17% (Rosenthal et al.,
1988). This variation depended on hat wear, the job performed, and
the time of the year. In another study, the OAER, which was
determined at the surface of the eye by contact lenses produced
fromUV sensitivematerial, ranged from4% to 23% during 4wearing
trials (Sydenham et al., 1997).

Such studies have shown that ocular exposure to actinic light
results from a combination of both external (e.g., time of day) and
personal (e.g., hat wear) factors (Sliney, 2011). These factors can be
summarized as:

� Season
� Time of day
� Altitude
� Latitude and longitude
� Occupation
� Hat wear
� Solar altitude
� Other factors

The second strategy for ameliorating light damage, increasing
the antioxidant protection of tissues, may involve both endogenous
and exogenous antioxidants. We, like other animals, evolved in an
environment with about 21% oxygen and sunlight. Oxygen in the
atmosphere is typically inert, but may be converted into more
reactive forms capable of damaging biological tissue by an energy
source, such as light. Light is often focused directly on retinal tissue,
Please cite this article in press as: Hammond, B.R., et al., Oxidative ph
exogenous antioxidants, Experimental Eye Research (2014), http://dx.doi
which is particularly vulnerable to oxidative damage (R�o _zanowska
et al., 1998; Gaillard et al., 2011; Hunter et al., 2012; Margrain et al.,
2004). The susceptibility of the retina to light-initiated oxidative
damage increases with age, as the retina/retinal pigment epithe-
lium (RPE) complex accumulates a higher amount of photosensi-
tizers (like lipofuscin (Margrain et al., 2004; Carson et al., 2008))
(although, simultaneously, the yellowing of the lens and formation
of cataract reduce light reaching the retina). The human eye has
evolved to utilize an elegant array of antioxidants to protect it from
light-initiated oxidative damage. These antioxidants are distributed
to optimize both protection and function.

The effects of light on ocular tissues (photodegradation) can be
explained mechanistically by studying the direct effects of ener-
getic light on the kind of proteins and lipids that dominate the
composition of the various tissues of the eye.
otodegradation of ocular tissues: Beneficial effects of filtering and
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2. The fundamentals of oxidative photodegradation

The start of oxidative photodegradation is comparable to start-
ing a fire. The “fire triangle” consists of an ignition source, fuel, and
oxygen. When all 3 are present, a fire is ensured. Analogously, the
“oxidative photodegradation triangle” illustrated in Fig. 5 consists
of radiation exposure at a specific wavelength (UV or visible light), a
material that contains a chromophore for that wavelength, and
oxygen. These 3 factors combined with the absence of a sufficient
antioxidant response ensure oxidative photodegradation. The en-
ergy of the radiation, time, and chromophore-specific photo-
oxidation pathway determines the degree and type of oxidative
photodegradation. In many typical biological scenarios, the only
option to prevent degradation is to minimize or eliminate the ra-
diation exposure.

If this does not happen, a given chemical moiety (a photosen-
sitizer) can absorb a specific quantum of energy (E) expressed by
the equation (E ¼ hn) where h is Planck's constant and n is the
frequency of the radiationwavelength absorbed. Chemical moieties
that absorb radiation, referred to as photosensitizers or chromo-
phores, are dominated by the presence of p orbital electrons.
Photon absorption in the presence of oxygen results in the forma-
tion of reactive oxygen species (ROS), chain scission, proton
abstraction, and the formation of free radicals, peroxides, and
carbonyl species that lead to autoxidation (Khan and Wilson, 1995;
Kelen, 1983; Loan and Winslow, 1979; McKinlay and Diffey, 1987;
Trozzolo, 1972; Winslow, 1977). The carbonecarbon double bonds
and aromatic moieties found throughout ocular tissues are potent
photosensitizers that absorb a broad range of electromagnetic ra-
diation, leading to accelerated photodegradation (Davies and
Truscott, 2001; Estey et al., 2007; Hunter et al., 2012; Parker
et al., 2004; Porter, 1986; Porter et al., 1995; Pratt et al., 2011).

The link between external variation in UV energy and chemical
changes to macromolecular systems has been well-established. For
example, the rate of carbonyl group (simple carboneoxygen double
bonds expressed as C ¼ O) formation upon outdoor exposure of
polyethylene, a polymer initially containing only carbon and
hydrogen atoms, is dependent on the time of year. Fig. 6 shows
changes in ambient UV radiation energy (<313 nm) measured
monthly. The energy is normally distributed throughout the year
peaking around June. Fig. 6 also shows the rate of increase in
carbonyl formation (which can lead to possible Norrish Type I and II
reactions)1 in weathering studies of polyethylene performed
monthly in New Jersey. Note that ambient radiation and carbonyl
absorbance both peak in June, showing the strong link between
ambient UV and the oxidative photodegradation rate of
polyethylene.

Oxidative photodegradation is an auto-oxidative process that is
often described in three steps: initiation, propagation, and termi-
nation (e.g., the quenching of reactive oxygen and free radicals by
an antioxidant). For example, initiation may be driven by the en-
ergy of the impinging radiation and the relative ease of abstraction
of hydrogen. Allylic and tertiary hydrogen are more easily
abstracted than primary hydrogen (e.g., hydrogen in poly-
unsaturated fatty acids (PUFAs) and at the branch points in poly-
ethylene). If the energy of the impinging radiation (E ¼ hn) is
absorbed, then the photo-oxidative cascade can occur. UV and short
visible wavelengths are capable of initiating photo-oxidation in
1 Norrish reactions involve photochemical reactions with ketones and aldehydes
resulting from absorption of UV light (230e330 nm). Type I results in hemolytic
cleavage of an aldehyde and ketone to a singlet/triplet state leading to the forma-
tion of acyl/allyl radical. Type II reactions describe the intramolecular abstraction of
a hydrogen atom that results in a 1.4-biradical.

Please cite this article in press as: Hammond, B.R., et al., Oxidative ph
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many organic chemical bonds, including those in biological systems
such as proteins and lipids.

The human retina contains a large number of endogenous
photosensitizers (e.g., rhodopsin; lipofuscin). Substrates like pro-
teins and lipids can be photooxidized through either a Type I or II
mechanism (Spikes and MacKnight, 2006). Conjugated carbon-
ecarbon double bonds and aromatic rings in lipids and proteins,
respectively, absorb actinic radiationmaking them principle targets
in photo-oxidative aging of the retina and lens.

From this view, the eye represents a paradox: it evolved to
respond to light but is susceptible to light damage, and it contains
structures that are nearly anaerobic (the crystalline lens) or maxi-
mally aerobic (the retina) but is susceptible to damage from oxygen.
The resulting photo-oxidative cascade affects the molecules that
create its very structure, primarily proteins and lipids.
3. Photo-oxidation of proteins and lipids

3.1. Proteins

Proteins comprise approximately 68% of the dry weight of cells
(Davies and Truscott, 2001) and tissues and 90% of the solids con-
tent of the lens (Michael and Bron, 2011). Protein modification
resulting from oxidative photodegradation occurs when aromatic
side groups act as photosensitizers generating radicals via photo-
ionization. Another major process involves oxidation of the pro-
tein via reactions with singlet oxygen generated by protein-bound
or other photosensitizers (Davies and Truscott, 2001). For most
proteins, direct photo-oxidation occurs when aromatic amino acid
moieties absorb UV radiation. Themajor chromophoric amino acids
containing aromatic groups are tryptophan (Trp), tyrosine (Tyr),
and phenylalanine (Phe), which exhibit the highest propensity to
photosensitize (Davies and Truscott, 2001; Pattison et al., 2012;
Spikes and MacKnight, 2006). Fig. 7 illustrates absorption of UVB
radiation for the aromatic amino acids (derived from Held (2003)).
Note the strong absorption by Trp in the UV range of
250 nme300 nm. Direct absorption of solar UV light by protein
peptide bonds is negligible; however, absorption by UV-absorbing
amino acid moieties can lead to the standard cascade of oxidative
photodegradation. Aromatic amino acid moieties are susceptible to
oxidation by singlet oxygen. Table 1 shows the relative rate of re-
action of singlet oxygen with various biological molecules.
Fig. 7. Spectral Density Curves for Aromatic Amino Acids (figure redrawn from Held,
2003): Trypotophan (Trp), tyrosine (Tyr), Phenylalanine (Phe) and albumin derived
from bovine serum (BSA).

otodegradation of ocular tissues: Beneficial effects of filtering and
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Table 1
Selected Rate Constants for reaction of Singlet Oxygen (1O2) with biological target
molecules (from Davies and Truscott, 2001).

Substrate Rate constant/107 dm3 mol�1 s�1

Methyl linolenate 0.019
Methyl linoleate 0.013
Cholesterol 0.0057
2,-Deoxyguanosine 0.5
DNA 0.051
Histidine 3.2
Tryptophan 3.0
Methionine 1.6
Tyrosine 0.8
Cysteine 3.7
Ascorbate 16.0
a-tocopherol 70
b-carotene 1300
NADH 7.5
NADPH 13.4

Table 2
Corneal responses to excessive ultraviolet radiation (from Cullen, 2002).

Acute response Chronic response

Photokeratitis Climate droplet keratopathy
Damage to epithelium, endothelium,

keratocytes
Pterygium

Transient haze and swelling Possible endothelial dystrophy
Opacification Cancer in some nonhuman

species
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Tryptophan exhibits a relatively high reaction rate with singlet
oxygenwith the polyunsaturated b-carotene exhibiting the highest
reactivity in this set of examples.

3.2. Lipids

The retina contains over 50% by dry weight of lipids. Phospho-
lipids comprise about 2/3 of these lipids and are rich in poly-
unsaturated (greater than two carbonecarbon double bonds) fatty
acids (PUFAs). Although docosahexaenoic acid (DHA, an omega 3
fatty acid) comprises only 2%e3% of most human tissues, it is the
most abundant PUFA in the retina (up to 50% (Acar et al., 2012)).
Unsaturation is a key feature of common physiological lipids such
as linoleates and arachidonates. The rate of reaction for peroxy lipid
radicals ranges from 1 to 107 M�1 s�1, with increased unsaturation a
key factor in higher reaction rates (Pratt et al., 2011): the more
unsaturated the lipid, the more highly oxidizable. Diene lipids such
as linoleic and arachidonic acid and the highly conjugated DHA
undergo autoxidation more readily than monounsaturated lipids
such as oleic acid or cholesteryl oleate. Although unsaturated lipids
have many optimal qualities (e.g., fluidity) when compared to
saturated lipids, their high susceptibility to autoxidation requires
significant antioxidant protection.

Light exposure and the broad absorption spectra of PUFA make
the retina particularly susceptible to lipid peroxidation. Lipid per-
oxidation is a process in which molecular oxygen and lipid react by
a free radical chain sequence (the chain is propagated by lipid
peroxyl radicals abstracting a hydrogen from another lipid and so
on). The product of this auto-oxidation tends to be lipid hydro-
peroxides. These intermediary products have been strongly linked
to the more deleterious aspects of aging and retinal disease
(Anderson et al., 1984; Miquel et al., 1998; Tang et al., 2013). Sup-
plementationwith antioxidants like lutein (which, for example, co-
localizes with DHA in retinal membranes) directly reduces circu-
lating lipid hydroperoxides even when given to premature infants
(Perrone et al., 2010).

Although lipid peroxidation can occur in the absence of elec-
tromagnetic radiation, it can be accelerated when PUFA moieties
absorb radiation. The absorption intensity and wavelength
dependence is dictated by the number of conjugated double bonds.
There are both classic high rate autoxidation as well as photo-
oxidation of unsaturated fatty acid moieties in lipids.

4. Ocular phototoxicity in the cornea, lens, and retina

Light is the fundamental stimulus for vision. Visible (and a small
amount of UV ~1%) radiation is absorbed in the adult retina by cone
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photopigments and rhodopsin (where 1,1 cis-retinaldehyde is
converted to 1,1 trans-retinaldehyde). At a young age, greater
amounts of UV radiation reach the retina (Merriam, 1996; Gaillard
et al., 2011). Transducing light is the basis of all subsequent visual
processing (Wald, 1945; Tang et al., 2013). The reconversion to 1,1
cis-retinaldehyde in the RPE completes the visual cycle. The steps in
this reconversion are the subject of basic research to understand
retinal degeneration. Several retinal diseases are associated with
malfunction at specific steps of the visual cycle (Stone, 2007; Tang
et al., 2013). Although the eye is an organ adapted to respond to
light, it can be damaged by excessive exposure (Glickman, 2011;
Hunter et al., 2012). The specific manner in which such exposure
influences the major components of the eye is defined by their
essential structure.
4.1. Cornea

The corneal epithelium makes up approximately 10% of the
cornea but absorbs UV light strongly due to its high protein and
nucleic acid content. The cornea responds both acutely and
chronically to UV radiation, as outlined in Table 2 (Cullen, 2002;
Pitts and Tredici, 1971; Zuclich, 1989). The transmission and ab-
sorption spectra for the cornea are shown in Figs. 8 and 9,
respectively.

One useful approach to evaluating the potential for light to
damage ocular structures is the examination of action spectra.
Action spectra consist of graphs that plot the rate of physiological
activity (or threshold radiation dose) versus wavelength and pro-
vide a quantitative view of radiation-induced ocular phototoxicity.
Cullen (2002) collected action spectra for damage to the cornea and
conjunctiva; these are plotted together in Fig.10. In this graph, the y
axis represents the threshold value for damage to occur. In vivo
responses to overexposure to UV radiation (Chao et al., 2013)
include haze in the epithelium and stroma, discharge and debris in
the tears, and granules in the endothelium.

Mounting evidence supports the role of the corneal crystallin
aldehyde dehydrogenase (ALDH) 3A1 (3A1) as an important factor
in protecting the cornea from oxidative photodegradation. 3A1
comprises approximately 5%e50% of soluble proteins in mamma-
lian cornea. 3A1 protects against UV-induced oxidative stress via
metabolism of toxic aldehydes, generation of reduced
nicotinamide-adenine dinucleotide phosphate (NADPH), direct
absorption of UV light, scavenging of ROS and chaperone-like ac-
tivity (Estey et al., 2007). Chaperone protein roles have also been
elucidated in the lens and the brain (Andley, 2009; Andley et al.,
2014; Bron et al., 2000; Shao et al., 2013; Truscott, 2009).

Corneal overexposure to UV radiation results in photokeratitis
and has been referred to as “snow blindness,” “arc eye,” and
“welder's flash.” Symptoms occur several hours after overexposure,
with the time delay inversely proportional to exposure time.
Epithelial damage produces a gritty feeling, photophobia, and
tearing. Severe exposure results in haze and loss of vision. Higher
exposures result in epithelium exfoliation, excruciating pain and
blepharospasms (blinking uncontrollably). Symptoms usually abate
otodegradation of ocular tissues: Beneficial effects of filtering and
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Fig. 8. Transmittance spectrum of the cornea (Cullen, 2002).

Fig. 9. Absorption of UVR by the epithelium and the cornea from 2 sources (derived from Pitts and Tredici, 1971).

B.R. Hammond et al. / Experimental Eye Research xxx (2014) 1e16 7
within 2 days. The primary response is in the corneal epithelium,
but effects can penetrate beyond Bowman's membrane to the
stroma (Cullen, 2002). Pterygium is a chronic response to UV ra-
diation exposure (Chao et al., 2013). It is an inflammatory, prolif-
erative growth on the cornea and conjunctiva that can impair
vision. Chronic UV exposure leads to formation of abnormal fibro-
blasts and mutations in basal epithelial cells (Norval, 2011). The
predominance of pterygium on the nasal side is most probably a
Please cite this article in press as: Hammond, B.R., et al., Oxidative ph
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result of the sun's rays passing laterally through the cornea, where
it undergoes refraction and becomes focused on the limbic area.
Reflected UV plays a greater role than direct sunlight (Sliney, 2011).

Photokeratitis and pterygium are two eye diseases where UV-
induced altered immune response plays a central role. The mech-
anisms involved in these adverse events include oxidative stress,
DNA damage, and necrotic receptor activation that lead to apoptotic
cell death. In vitro studies have demonstrated that UV irradiation of
otodegradation of ocular tissues: Beneficial effects of filtering and
.org/10.1016/j.exer.2014.09.005



Fig. 10. Action Spectra of Corneal and Conjunctiva UV radiation exposure (the average
line is based on individuals curves from Cullen, 2012).

Fig. 11. The action spectrum for cataract formation (derived from Lucas, 2011).
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corneal stromal cells induces the production of pro-inflammatory
cytokines. Additionally, UV radiation generates ROS, known to
also generate pro-inflammatory cytokines. Pterygium can lead to
the release of enzymes that cause the production of growth factors
such as vascular endothelial growth factor (VEGF), a key step to-
ward neovascularization (Norval, 2011).

4.2. Lens

An action spectrum for cataract formation is shown in Fig. 11
(Lucas, 2011). This curve is nearly identical to the action spectrum
for lens proteins. This similarity is due to absorption of UV radiation
by the aromatic amino acid moieties Trp, Tyr, and Phe present in
lens proteins.

The crystalline lens is composed of proteins known as crys-
tallins that make up 90% of its solid content. These include alpha,
beta, and gamma crystallins, of which the alpha crystallins have
the highest molecular weight and are in the highest concentration.
Alpha crystallins, which are in the “chaperone” or “heat shock”
family of proteins, have a protective role in preventing the
Please cite this article in press as: Hammond, B.R., et al., Oxidative ph
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aggregation of the beta and gamma proteins. The beta and gamma
proteins' key functions are transparency and structure (Bron et al.,
2000).

Other lens components include the capsule, gap junctions,
differentiated and mature fiber cells, and epithelial cells. The
capsule is the collagenous shell of the lens. The gap junctions
consist mainly of intercellular protein channels (connexins and
aquaporins) critical for the transfer of aqueous salts, antioxidants,
etc. (Mathias et al., 2010). The lens also maintains homeostasis via
solute exchange with the vitreous and aqueous (Dahm et al., 2011).
The nucleated, metabolically active epithelial cells are located on
the anterior half of the elliptical lens and produce critical nutrients
(e.g., the antioxidant glutathione [GSH]), that diffuse through the
lens. With age, solute diffusion is hindered in the lens nucleus
(Sweeney and Truscott, 1998). Epithelial cells lose their organelles
and differentiate into lens fiber cells with time (hence achieving the
relative transparency necessary for the transmission of light). The
water content of the nucleus and cortex are 63% and 69%, respec-
tively. The water content does not change with age in either region
of the lens (Fisher and Pettet, 1973).

The proteins in the nucleus of the lens are the same age as their
human host (the only tissue in the body that does not undergo
biological renewal). Therefore, the nuclear proteins are unique in
that they experience literally a lifetime of exposure to electro-
magnetic radiation.

Fig. 12 illustrates that the loss of soluble alpha crystallin proteins
concomitant with an increase in lens modulus accelerates after the
age of 40. This provides evidence that precipitation or denaturing of
lens proteins is a major factor in presbyopia and is now considered
a precursor to cataracts (Bron et al., 2000; Truscott, 2009).

Lens proteins become progressively modified at Trp amino acid
sites, with the number of modifications increasing with age (Dillon
and Atherton, 1990). 3-OH Kynurenine is protective. With age,
however, kynurenine, a significant by-product of lens protein
photo-oxidation at Trp sties, becomes damaging. This is because of
the tendency to undergo deamination at physiological pH, with the
resulting reaction products which covalently bind to other proteins.
Xanthurenic acid is also formed with age and is also photo-
sensitizing (Roberts et al., 2001). These 3-OH-kynurenine-modified
proteins become susceptible to wavelengths of light that penetrate
the cornea (Davies and Truscott, 2001; Pattison et al., 2012; Spikes
and MacKnight, 2006). Kynurenine-based chemistries absorb a
broader range of radiation, resulting in accelerated oxidative
damage through a singlet oxygen photooxidative mechanism
(Balasubramanian, 2000; Roberts et al., 2000; Davies and Truscott,
2001).

Upon exposure to wavelengths from 305 to 385 nm, bovine lens
proteins accumulated hydrogen peroxide and protein-bound per-
oxides, which increased with time and when exposed to shorter
wavelengths. Peroxide formation was accompanied by an increase
in Tyr- and Phe-derived products, known to be elevated in human
cataract lens proteins. This provides one mechanistic explanation
for UV lightemediated protein oxidation in cataract lenses (Parker
et al., 2004). There is likely, however, more than one mechanism. It
has also been shown, for instance, that both kynuenine
(Balasubramanian, 2000) and xanthurenic acid (Roberts et al.,
2001) produce singlet oxygen which then photooxidizes lens pro-
teins leading to the formation of cataracts.

In summary, photooxidation of lenticular chromophores in-
creases with age due to:

� Liquefaction of the vitreous, increasing oxygen concentration in
the lens (Beebe et al., 2011; McLaren et al., 1998)

� Impediment of antioxidant diffusion in the lens (Sweeney and
Truscott, 1998)
otodegradation of ocular tissues: Beneficial effects of filtering and
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Fig. 12. Alpha crystallins, Insoluble proteins, and increasing modulus with age (derived from Truscott, 2000).
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� Reduction in key enzymes that maintain antioxidant levels
(Fecondo and Augusteyn, 1983)

� Increased level of chromophores (Davies and Truscott, 2001;
Roberts, 2001)
4.3. Retina

Although predominately visible light reaches the retina, a small
(~1%) amount of UV radiation does actually penetrate to the adult
Fig. 13. Average sensitivity across wavelengths for eyes with a UV relative to a clear
IOL. The experimental methods allowed isolation of the s-cone (SWS), M-cone (MWS)
and L-cone (LWS) systems. Data derived from Werner and Spillmann (1989).
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retina (Weale,1988; van de Kraats and van Norren, 2007a).2Werner
and Spillmann (1989) described the very negative effects of UV
radiation on the retina. The first intraocular implants (regular use of
which started in the 1970s) were made of polymethylmethacrylate
(PMMA) and, unlike the natural lens and later intraocular lenses
(IOLs), did not include UV-absorbing chromophores. Werner
studied patients who had undergone bilateral IOL implantation, but
with UV-chromophores in only one eye (the other IOL transmitted
light from 300 to 400 nm). S-Cone sensitivity wasmeasured in both
eyes after 5 years and is shown in Fig. 13. As seen in this figure, the
eye that lacked the UV block displayed dramatic and selective loss
of S-cone sensitivity compared to the contralateral eye that was
protected.

UVA and short visible wavelengths produce similar phototoxic
effects in the retina. Since the cornea and lens focus light on the
retina, a collimated beam of light on the cornea results in up to five
orders of magnitude higher energy on the resultant foci at the
retina. Energy is inversely proportional to wavelength, but the
resulting biological damage is not linear, as shown in Fig. 14. For
example, visible blue light is much more damaging than visible
green since it has sufficient energy to initiate oxidative reactions.
Longer wavelengths can damage the retina but do so via thermal
mechanisms. Fig. 15, compiled via a meta-analysis (Glickman,
2011), illustrates the action spectrum for retinal damage via
exposure to electromagnetic radiation in the UV/blue light region
(see also van Norren and Gorgels, 2011). The chromophore is the
bleach product of rhodopsin.

The rhodopsin bleach product (a critical chromophore for UV-
based degradation) is rhodopsin after light activation (i.e., opsin
now attached to 1, 1 trans-retinaldehyde). Other prospective
chromophores in the retina and RPE that can absorb above wave-
lengths of 360 nm include photoreceptor pigments, the RPE pig-
ments melanin, lipofuscin, and melanolipofuscin granules and a
condensation product of two 1, 1 trans-retinaldehyde molecules
2 This can lead, for instance, to retinal lesions that are caused by exposure to
heliumecadmium lasers which contain UV (Schmidt and Zuclich, 1980).
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Fig. 14. Photon energy as a function of wavelength.
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with a molecule of phosphatidylethanolamine, abbreviated as A2E
(Roberts et al., 2002; Wielgus and Roberts, 2012).

Lipofuscin is formed in the RPE cells and is largely based on
oxidative photodegradation of shed photoreceptor outer discs. The
degradation products are predominately a mixture of lipids and
proteins. RPE pigment granules are photosensitizers and can
participate in the oxidative photodegradation cascade. Since lip-
ofuscin itself is a photo sensitizer, accumulating lipofuscin will
cause a cascade that produces more lipofuscin. Elevated lipofuscin
levels have been associated with AMD and the fact that damage to
the retina appears to accelerate with age (Hammond et al., 1998;
Ablonczy et al., 2013, 2014; Hunter et al., 2012).
Fig. 15. Damage threshold for UVA/Blue Light in the Retina. Solid line is absorption
spectrum of rhodopsin bleach product and individual data points are damage
thresholds. (Derived from Glickman, 2011).
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5. Preventing ocular photodegradation through endogenous
and exogenous filters

For synthetic and natural polymers, shielding from harmful ra-
diation is achieved in the most direct fashion through the simple
use of filters: opaque surface coatings, staying indoors, wearing a
wide brimmed hat, etc. The ocular media progressively filters light
through the cornea, aqueous, lens, and vitreous, respectively,
ending with high-end UVA and the full visible spectrum irradiating
the retina. There appears to be no useful function for UV radiation
in the ocular system with the possible exceptions of lenticular
yellowing paradoxically protecting the retina from damaging short-
wave light (Dillon and Atherton, 1990) and a possible role of UV
radiation in slowing myopia progression (Sherwin et al., 2012).
Filtering all UV radiation at the cornea is a sound approach for
minimizing photo-oxidation in ocular media (Roberts, 2011).
Similarly, filtering short-wave visible light is widely touted as a
means of minimizing damage due to the blue-light hazard (Algvere
et al., 2006). Visible light, of course, is just a very small portion of
the electromagnetic spectrum. Humans perceive the portion of the
electromagnetic spectrum from about 400 nm to 700 nm (a
billionth of a meter). Such light is not equally capable, however, of
damaging retinal/RPE tissue.3 This is because the energy of light is
inversely proportional to its wavelength: longer wavelengths are
less energetic than shorter wavelengths. As applied to the eye, light
from about 500 nm to 700 nm can damage the retina, but only
through thermal mechanisms (although it can increase the po-
tential that shorter-wavelengths will be damaging because it raised
the overall energy state). An enormous amount of light would be
necessary to heat the retina enough to cause damage (heat is
largely dissipated by the RPE and choroidal vasculature).

Empirical evaluations (mostly using animal models; e.g., Barker
et al., 2011) have shown that light from about 400 to 500 nm is the
most damaging to retinal tissue (Algvere et al., 2006) because (1) it
reaches the retina and is not significantly absorbed by anterior
structures, (2) it still retains enough energy to initiate photo-
chemical damage (e.g., convert inert oxygen into reactive forms),
and (3) it fits the action spectrum of retinal photosensitizers
(Margrain et al., 2004).
5.1. Short-wave absorption by the retinal macular carotenoids

Before visible light can be processed by the retinal photore-
ceptors, it must pass through two significant endogenous filters:
the crystalline lens (progressively yellowed over time by oxidation)
and the inert pigments in the inner retina, often referred to as
macular pigments. These screening pigments are found in the inner
retina distal to the outer segments of the cones (and a relatively
small proportion of rods). Along with the fovea's characteristic
anatomy, these yellow pigments are one of the central retina's most
obvious features and are responsible for the term macula lutea,
which is used clinically to designate this retinal region. The Nobel
Laureate George Wald (1945) was the first to identify that the
pigments were xanthophyllic carotenoids derived from the diet.
Approximately 40 years later, Bone et al. (1985) definitively iden-
tified these macular pigments as the specific xanthophylls
(3R,30R,60R)-lutein (L) and (3R,30R)-zeaxanthin (Z). This same group
3 Another common distinction is to characterize light damage to the retina/RPE
as Type I and II (Kremers and Van Norren, 1988). Type I occurs at lower light levels
and is largely mediated by receptoral photopigment (based on the similarity of the
actinic action spectrum to the absorption spectrum of photopigment). Type II tends
to occur at higher levels (but much lower than photocoagulation) and is mediated
at the level of the RPE.

otodegradation of ocular tissues: Beneficial effects of filtering and
.org/10.1016/j.exer.2014.09.005



Fig. 17. The absorption/transmission characteristics of the neonatal lens (derived from
Gaillard et al., 2011). Note the increased transmission centered around 320 nm (this
“window” closes in the teen years).
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(Bone et al., 1993) later identified a stereoisomer they termed
(3R,30S)-mesozeaxanthin (MZ). L, Z and MZ form the macular pig-
ments. Because themacular pigments are in the inner retinal layers,
they screen photoreceptors in and around the fovea (they peak
sharply in the very center of the macula [i.e., the fovea] and decline
rapidly with eccentricity (Bone et al., 1993; Hammond et al., 1997)).
The optical density (OD) of these pigments in the human retina
varies widely; individuals have been identified with densities that
are optically undetectable to as high as 1.6 at peak absorption
(460 nm). Such large differences, especially when considered over
decades of life (pigment density tends to be temporally stable
(Hammond et al., 1997)), result in equally large differences in the
exposure of the macular receptors to actinic short-wave light. An
empirical study of monkeys has shown that macular pigments
directly protect the retina from imposed light damage due to high-
energy lasers (e.g., (Barker et al., 2011)). These acute studies are
consistent with the putative role of the pigments in protecting the
vulnerable lipid-rich photoreceptors from the actinic effects of blue
light and empirical data on their role in preventing age-related
cataract and macular degeneration (Hammond and Lien, 2013).

The spectral density curves for L and Z in both aggregated and
monomeric forms are shown in Fig. 16 (Sujak et al., 2000). Note the
broad range of absorbance from less than 350 nm to approximately
550 nm. The aggregated forms are much more absorptive in the
UVA region of the electromagnetic spectrum.
5.2. Short-wave absorption by the yellowing crystalline lens

The lens and cornea are the most transparent tissues within the
body. Most cells, even those that are avascular (e.g., bone cells), are
Fig. 16. Absorption Spectra for Monomeric and Aggregated forms of Lutein and
Zeaxanthin (derived from Sujak et al., 2000).
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opaque due to their organelles, other absorbing chromophores, and
high optical scatter arising from an uneven distribution of refractive
elements. In contrast, the young lens has nearly no light-absorbing
pigments, and the packing of the layers of clear crystallin cells is
highly ordered. Controlled apoptosis during development removes
optically dense organelles, leaving the cell essentially alive but
without the ability to regenerate or repair damage. As such, any
damage to fiber cells within the lens simply accumulates with age,
causing the lens to slowly opacify. Transamidation, methylation,
and oxidation account for the major post-translational modifica-
tions of lens proteins (Andley et al., 2011; Beebe et al., 2011;Michael
and Bron, 2011; Sweeney and Truscott, 1998; Truscott et al., 2012;
Lampi et al., 2014). This opacification is both distinctive and rela-
tively stable across the lifespan. It is well known, for instance, that
lens absorbance is strongly related to wavelength (Wyszecki and
Stiles, 1982). Another important feature of lens OD is that absorp-
tion increases linearly with age and that individual variation is large
(Werner, 1982). The lens is most transparent in infancy (Gaillard
et al., 2011). Indeed, the increased transparency of the crystalline
lens to UV in childhood has been argued as a major reason that the
retina appears to rapidly age during that period (e.g., as evidenced
by the rapid buildup of lipofuscin). The crystalline lens (see Fig. 17)
has a small window of transparency around 320 nm that does not
fully close until teen years (Gaillard et al., 2011). It is worth noting
that the absorbance of L and Z in their aggregated forms is shifted
toward this portion of the UV spectrum. Hence, if a significant
portion of tissue L and Z is in aggregate form in the young retina
(which is probably the case), it is likely that this provides additional
protection against actinic damage to the retina early in life.

Ironically, older retinas are more protected by the crystalline
lens by virtue of its damage: as the lens ages and oxidizes, it pro-
gressively yellows (and OD increases) and absorbs higher amounts
of UV and visible short-wave light (Werner, 1982). It is important to
note that not all older lenses offer this increased protection from
short-wave visible light. Although the OD of the lens increases in
some older individuals, it does not increase in all. Indeed, cata-
ractous lenses can sometimes be quite transparent to visible light
(due to, for instance, off-optical axis location of the cataract). For
example, Sample et al. (Sample et al., 1989) measured lens OD at
410 nm in 84 subjects (18e78 years of age) with intact lenses and
otodegradation of ocular tissues: Beneficial effects of filtering and
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Fig. 18. Spectral transmittance of representative contact lens products (Lira et al.,
2009).
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with clinical diagnosed cataracts. She found that lens optical den-
sity (OD) increased from around 0.30 for subjects in their 20s
(ranging from 0 to ~0.4) to about 1.4 for subjects in their 70s
(ranging from ~0.1 to ~2.5). On average, elderly subjects with cat-
aracts had higher OD than subjects without cataracts. In both cases,
though, therewere a substantial number of elderly individuals with
very transparent lenses (one cataractous patient, for example, had
an OD near zero). Such a finding makes sense. OD is determined by
a variety of factors, including the concentration of the absorbing
chromophore (e.g., oxidation causing protein aggregates), light
scatter, and path length. These factors do not change in tandem
(Pokorny et al., 1987) or in the same way across individuals.

5.3. UV and short-wave absorption by intraocular implants

The first artificial lens (using PMMA) was implanted at St.
Thomas hospital in London in 1949. Regular use of IOLs, however,
did not occur until the 1970s with the use of silicone and acrylic
lenses (Kohnen, 2009). Modern IOLs incorporate UV-absorbing
chromophores, but not all commercially available lenses are
equally effective in absorbing UV light (Werner and Spillmann,
1989; van de Kraats and van Norren, 2007b). For example, the
Regent glass IOL absorbed only up to about 334 nm, whereas the
Polylite polycarbonate absorbed up to 387 nm. A relatively recent
approach in IOLs is to add a yellow dye to the substrate (so called
blue-blocking IOLs introduced in the 1990s). For example, the
design of the Acrysof Natural IOL (Ernest, 2004) is intended to
mimic the UV-and-short-wave absorbing qualities of an adult 53-
year-old natural lens. Sparrow et al. (2004) have shown that blue-
absorbing IOLs can reduce light-initiated cell death in cultured RPE
cells (laden with the lipofuscin photosensitizer A2E). Rezai et al.
(2008) found a similar protective effect when measuring the
light-induced apoptosis of RPE cells. Although Mainster and Turner
(2001) have argued that blue-blocking IOLs may interfere with the
circadian response, recent reviews of the extant literature
(Henderson and Grimes, 2010; Yang and Afshari, 2014) indicate that
any effects of blue-blocking IOLs on visual acuity/contrast sensi-
tivity, scotopic sensitivity, color perception, or circadian rhythms
was minimal and clinically insignificant.

5.4. UV and short-wave light absorption by spectacle and contact
lenses

Although most spectacles and sunglasses have UV-blocking
characteristics, like IOLs, this is by no means uniform. For
example, Lin et al. (Lin et al., 2002) measured numerous spectacle
lenses and found widely varying UV absorption. Indeed, some
sunglasses, by darkening the visual field and causing pupil dilation,
can actually increase UV transmission into the eye (Pitts and
Tredici, 1971; Sliney, 2011). A spectrophotometric study
(Velpandian et al., 2005) of 20 lenses (11 hard resin and 9 glass)
showed that 75% of these lenses failed to provide the 95% UVA
protection recommended by the U.S. Food and Drug Administration
(FDA; the FDA class II blocker as described at http://www.aoa.org/
x12724.xml). Neither brand nor price seems to predict the quality
of UV protection available in sunglasses (Carnevale et al., 2012). One
clear disadvantage of lenses worn in front of the eye is that they
often do not block light coming in from the sides.

UV blocking contact lenses that completely cover the pupil and
limbus, help to prevent the UV oblique rays from reaching the lens.
Early contact lenses, although uniformly absorbing UVB, were quite
variable with respect to UVA (only 2 out of 9 tested, for example,
had significant UVA absorption in a study done in 1999 (Anstey
et al., 1999)). In the last decade, the UV-blocking characteristics of
contact lenses have improved. Fig. 18 presents the results for
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spectral transmission curves of select worn versus unworn contact
lenses. Note that the Acuvue® Advance® lenses exhibit enhanced
UV-filtering capability up to 390 nm. The worn Acuvue® Advance®

lenses demonstrated some additional mild light filtering in the
visual region of the spectrum, attributed to tear fluid component
deposition (Lira et al., 2009). Fig. 19a through 19c plots the UV
absorption of three commercial contact lenses; Acuvue® 2®, Acu-
vue® Advance®, and Acuvue® Oasys® (John Enns 2003; personal
communication). These lenses absorb practically all UVB radiation
and a major portion of the UVA spectrum. The Oasys lens is the
most efficient UV absorber of the three Acuvue lenses.

“A good UV absorber should strongly absorb in the 300e400 nm
wavelength range, though, ideally, none at all in the visible range in
order to prevent any unwanted coloration. Numerous in-
vestigations have been reported on the deactivation mechanism of
intramolecularly hydrogen-bridged UV absorbers. It has been
established that photoexcitation of these compounds is followed by
an excited-state intramolecular proton transfer (ESIPT) and sub-
sequent rapid, mainly radiationless deactivation, including a proton
back-transfer to the original S0 ground state. This process consti-
tutes a classic intramolecular F€orster Cycle and ensures that the
absorbed ultraviolet radiation is rapidly transformed into vibra-
tional energy. This is essential for the high photostability required
from an efficient UV absorber” (Waiblinger et al., 1999).

Animal models have shown that UV-blocking contact lenses can
directly reduce UV-induced oxidative damage to the cornea,
aqueous, lens (Chandler et al., 2010) and retina (Ibrahim et al.,
2012). A number of organizations (e.g., the American Optometric
Association) and comprehensive reviews (Chandler, 2011; Walsh
and Bergmanson, 2011) have endorsed the use of UV-blocking
contact lenses covering the limbus as greatly reducing the poten-
tially toxic effect of light-induced oxidative damage to the eye.
6. Prevention of ocular photodegradation through
endogenous and exogenous antioxidants

Oxidative stress is a common phenomenon in living systems. It
is defined as an imbalance between ROS and antioxidants.
otodegradation of ocular tissues: Beneficial effects of filtering and
.org/10.1016/j.exer.2014.09.005

http://www.aoa.org/x12724.xml
http://www.aoa.org/x12724.xml


a

b

c

Fig. 19. a. Spectral Density Curve of Acuvue 2 (etafilcon) Enns, John (2003, Personal
communication). b. Spectral Density Curve of Acuvue® Advance® (galyfilcon). c.
Spectral Density Curve of Acuvue® Oasys® (senofilcon).
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Disturbances in the normal redox state of cells can cause toxic ef-
fects through the production of peroxides and free radicals that
damage all components of the cell, including proteins, lipids, and
DNA. Studies in the protection of synthetic polymers from oxidative
photodegradation offer great insight into understanding biological
systems.

Interception of oxidative pathways is often achieved via radical
scavengers such as aromatic hindered phenols that result in non-
propagating radicals. The hydrogen atom in the alcohol group is
easily abstracted, leaving a resonance stabilized free radical. This
general structure and mechanism applies to many materials
referred to as antioxidants. An antioxidant is a molecule that in-
hibits the oxidation of other molecules. Oxidation is a chemical
reaction that transfers electrons or hydrogen from a substance to an
oxidizing agent. Oxidation reactions can produce free radicals. In
turn, these radicals can start chain reactions. When the chain re-
action occurs in a cell, it can cause damage or death to the cell.
Antioxidants terminate these chain reactions by removing free
radical intermediates and inhibit other oxidation reactions. They do
this by being oxidized themselves, so antioxidants are often
reducing agents such as thiols (GSH and L-cysteine), ascorbic acid
(vitamin C), hindered phenols (a�tocopherol) or polyphenols.

The lens, for example, utilizes a number of antioxidant enzymes
including: superoxide dismutase; catalase; glutathione reductase;
and glutathione peroxidase (GPX-1). These are likely (Gao et al.,
2011) the primary defense against protein aggregation (and cata-
racts), with the chaperone alpha crystallins as the secondary de-
fense. This conclusion is supported by findings in mice.

In addition to antioxidant enzymes, dietary antioxidants likely
also protect the lens. In addition to antioxidant enzymes, dietary
antioxidants likely also protect the lens (e.g. lutein (L), zeaxanthin
(Z) and tocopherols). Yeum et al. (1995) has suggested, for example,
has suggested the possibility that these phytochemicals, classically
thought to mostly protect the retina, could also prevent lipid per-
oxidation and resulting opacification of the lens. In vitro studies of
incubation of human lens epithelial cells (HLECs) in L, Z, and
a�tocopherol resulted in reduced oxidative damage. Pre-
incubation dramatically reduced the levels of hydrogen peroxide-
induced protein and lipid peroxidation, and DNA damage in
HLECs. Most, but not all, epidemiological studies have supported a
role for L and Z in the prevention of cataract (see the recent review
by Vishwanathan et al., 2013). The strongest link appears to be with
nuclear cataract, and to a lesser degree, posterior subcapsular
cataract (with little or no association to cortical cataract).

Incidence of age-related nuclear cataracts is reduced with
higher serum levels of L and Z (antioxidants and light filters (Karppi
et al., 2012)). The reduced antioxidant capacity in the lens com-
bined with evidence of UV radiation-induced by-products in hu-
man cataract lenses support the conclusion that oxidative
photodegradation is a significant factor in nuclear cataracts
(Berendschot et al., 2002). In conclusion, as the vitreous and lens
age, the lens nucleus is exposed to higher oxygen concentration and
minimal to no antioxidants. A UV-blocking contact lens or specta-
cles with side shields will limit lens damage through removal of a
radiation source, eliminating a “leg” of the oxidative photo-
degradation triangle.

The retina is themostmetabolically active tissue in the body and
hence is particularly susceptible to oxidative damage. This excep-
tional vulnerability to oxidation is due to four primary factors
(Gaillard et al., 2011; Hunter et al., 2012; Margrain et al., 2004): 1.
Rods and cones are rich in unsaturated fats like DHA and other long
chain PUFAs (LCPUFAs) that are prone to oxidation. 2. Blood flow to
the retina is poorly regulated, especially in infancy (Hardy et al.,
1994) and late in life when receptors are lost (Groh et al., 1996).
This can cause excess oxygen in a system already using relatively
otodegradation of ocular tissues: Beneficial effects of filtering and
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high amounts of oxygen. 3. As noted, a high number of photo-
sensitizing compounds accumulate within the retina over time
(like lipofuscin (Margrain et al., 2004)). 4. The retina is often
exposed to energetic light.

The retina's antioxidant system operates in a highly integrated
manner (Lien and Hammond, 2011; Hammond and Lien, 2013;
Edge et al., 2007) to protect both aqueous and lipid-soluble com-
ponents. Vitamin E (in its natural bioavailable form) is an efficient
chain-breaking lipid-soluble antioxidant in membranes and plays
an essential role in minimizing the oxidation of LCPUFAs. Monkeys
fed vitamin E-deficient diets develop macular degeneration, char-
acterized by extensive disruption of the photoreceptor outer seg-
ments, most likely due to lipid peroxidation (Hayes, 1974). L and Z
are also lipid-soluble antioxidants that quench the triplet state of
photosensitizers as well as singlet oxygen, thus they are chain-
breaking antioxidants that retard the peroxidation of membrane
lipids (Beatty et al., 1999). These carotenoids can return singlet
oxygen to the ground state, while they subsequently return to their
ground state via a heat-loss process and are prepared for another
round of antioxidant activity (Stahl and Sies, 2002). The major
water-soluble antioxidant systems of the retina include cytosolic
ascorbic acid and a series of enzymes, with their activities primarily
in the cellular cytoplasm and mitochondria. Alpha-tocopherol (one
of the more biologically active forms of vitamin E) is recycled by
redox coupling with vitamin C at the cytosolic/membrane interface
(Chaudiere and Ferrari-Iliou, 1999; Sies and Stahl, 1995). Specific
antioxidant enzymes directly inhibit superoxide as well as hydro-
peroxides and provide protection from the generation of ROS. su-
peroxide dismutase (SOD) metabolizes superoxide, while
hydroperoxides aremetabolized by GPX and catalase. Tracemineral
cofactors for cytosolic SOD are zinc and copper, while selenium is
an obligatory cofactor for GPX in the human eye (Beatty et al., 1999).
Taken together, the entire orbit has an elegant system of antioxi-
dants aimed at reducing the inevitable consequences of photo-
oxidative damage.

7. Conclusions

The effects of accumulated light damage on the skin are obvious
and highly variable. This variability is observed even for individuals
who live close together. The aggregated effects of light and oxygen
on ocular structures is even more significant (e.g., damage to nerve
structures like the retina is irreversible and untreatable), but cannot
be seen, and is equally variable. For the eye and skin, a large pro-
portion of the difference across individuals with similar exposure
can be attributed to two major factors: antioxidant intake and the
use of filters that screen out energetic UV radiation (ca.
280e400 nm) and visible short-wave light (ca. 400e500 nm), such
as hats, sunglasses, sunscreen, or contact lenses. The modern
Westernized diet seems particularly deficient in antioxidants that
reduce actinic damage. For example, the average intake of lutein
and zeaxanthin is about 0.4e1.8 mg/day in Americans (Johnson
et al., 2010). The recommended diet, rich in fruits and vegetables,
however, would easily provide 20e30 mg/day (Sommerburg et al.,
1998). The use of filters to reduce actinic damage is equally variable.

Proteins and lipids are ubiquitous in human cells. Screening of
the solar radiation spectrum up to 320 nm ensures minimum
oxidative photodegradation of proteins that make up more than
90% of the lens and the majority of the cornea. Screening of radi-
ation from 320 nm to 400 nm reduces oxidative photodegradation
in lipids that make up more than 50% of the retina. The majority of
the literature supports partial screening of visible light to 500 nm in
order to minimize actinic light damage to the retina while main-
taining the necessary luminosity for vision. UV-filtering contact
lenses might be a particularly good option in that they, unlike most
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spectacle lenses, filter light from all angles (both above and to the
side). Protection from oxidative photodegradation also likely
changes with age. Each stage of life represents a different set of
vulnerabilities that should be considered. For example, newborns
have both low antioxidant protection and exceptionally clear len-
ses. Children and adults may suffer greater exposure due to more
time spent participating in outdoor activities. The elderly may have
higher levels of endogenous photosensitizers and reduced ability to
metabolize dietary antioxidants.

Unlike many health issues, the approach to reducing oxidative
photodegradation is clear and can yield immediate benefit: mini-
mize exposure to actinic light, improve dietary intake of antioxi-
dants (e.g., Lutein and Zeaxanthin), and wear sunglasses and
contact lenses that employ maximum protection from UVA and
UVB solar radiation.
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