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he eye is a highly metabolically active structure, continually bathed in

light, the absorption of which is its very function. Thus, oxidative and

particularly photo-oxidative processes are critical factors in ocular patho-
logic conditions but are often poorly recognized by those investigating ocular
disease. The author discusses oxidative stress in inflammatory processes of
the conjunctiva, cornea, and uvea; in cataract formation i the lens; in retinal
degeneration; and in optic nerve pathologic conditions, inflammatory in optic
neuritis and degenerative in glaucoma. As can be seen from that list, oxidative
stress occurs throughout the eye and is involved in many different types of tis-
sue damage. Indeed, although oxidative stress has been increasingly recognized
as important in pathologic conditions generally and in ocular pathologic condi-
tions specifically in the past decade, reports documenting the centrality of this
in ophthalmic disease have been in the literature for more than 20 years [1].
From a therapeutic perspective, countering these oxidative stresses may be
an important and as yet poorly recognized treatment target in many ocular
diseases.

THE OCULAR SURFACE
Although the lens and retina are the tissues most clearly affected by oxidative
stress, the author starts his considerations at the front of the eye with the con-
Junctiva and cornea, the ocular surface. The metabolic rate is not particularly
high here, reducing oxidative stress from that quarter; however, clearly, the
ocular surface is the most exposed part of the eye, and oxidative stress associ-
ated with actinic radiation and allergens is thus seen here.

Allergic conjunctivitis is, in this author’s opinion, a much underreported con-
dition in the dog. The seasonal incidence of much apparently idiopathic canine
conjunctivitis and the lack of infectious agents in most cases suggest that allergy

*Department of Clinical Veterinary Medicine, University of Cambridge, Madingley Road,
Cambridge, CB3 OES, UK. E-mail address: doctordlwilliams@aol.com

0195-5616/08/% - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.cvsm.2007.10.006 vetsmall.theclinics.com


mailto:doctordlwilliams@aol.com<?show [#46]?>
http://www.vetsmall.theclinics.com

180 WILLIAMS

may play an important role. Much of the tissue damage in such cases can be
attributed to oxidative stress. Experimental studies of allergic eye disease in
rodent models have shown that. Oxidative stress is an important factor in
ocular surface disease.

Other ocular surface effects of certain pollens can be generated independent
of immune system involvement. Ragweed pollen (RWP) grains contain nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase activity, generat-
ing a superoxide anion that can be converted to hydrogen peroxide by
pollen grain-associated superoxide dismutase (SOD). These diffusible oxygen
radicals from pollen grains increase intracellular levels of reactive oxygen spe-
cies in cultured epithelial cells and conjunctiva in mouse models [2]. The same
effect was observed in sensitized and naive mice, suggesting that the RWP-
induced oxidative stress in conjunctival epithelium is independent of adaptive
immunity. It is unclear how widespread such effects may be with other plant-
derived allergens. Lactoferrin reduces the associated tissue responses in allergic
airway disease in rodent models; thus, we might expect tear-film lactoferrin to
have similar effects in the eye [3].

Lactoferrin protects ocular surface cells from the deleterious effects of ultra-
violet (UV) radiation [4] and, experimentally, from the effects of reoxygenation
after hypoxia [5], although the clinical relevance of this is unclear. Tear lacto-
ferrin has been reported to decrease in the postoperative period after human
cataract surgery, and we might expect the same potentially deleterious reduc-
tion after canine intraocular surgery [6]. More critical is the damaging effect
of low ocular surface lactoferrin levels in individuals with keratoconjunctivitis
sicca. Reduced levels of tear lactoferrin in human cases of dry eye and the close
correlation between lactoferrin levels and degree of ocular surface damage in
dry eye [7] are sufficiently strong that the lactoferrin tear test is a recognized
diagnostic tool in human ophthalmology [8,9].

Ironically, one of the most common conditions associated with oxidative
stress in the ocular surface is the iatrogenic response to topical eyedrops
containing the preservative benzalkonium chloride [10]. In vitro studies on pre-
served and unpreserved eyedrops containing drugs as diverse as beta-blockers
[11] and fluoroquinolone [12] showed that it was the benzalkonium chloride
that was cytotoxic and that it acts through P2X7 cell death receptor activation
and is associated with oxidative stress and apoptosis. Oxidative stress, as evi-
denced by enhanced production of reactive oxygen species and mitochondrial
injury rather than by cellular glutathione depletion, is a mechanism involved in
apoptosis induced by preservative-containing eyedrops.

CORNEAL DISEASE

The matrix metalloproteinase-mediated pathologic condition of melting cor-
neal ulcers might be considered a prime example of oxidative stress in the
ocular surface. Indeed, this would seem to be the case, but only two reports
document the involvement of tissue damage through oxidative processes. In
one report, cationic glucose oxidase injected into rabbit corneas, with the
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resulting sustained release of hydrogen peroxide, yielded corneal opacification
through attack on corneal glycol conjugates by reactive oxygen species and
infiltration of phagocytes, further compromising corneal integrity through the
oxidative sequelae of their respiratory burst [13]. Ulcerative keratitis can be
treated successfully with topical antioxidants, demonstrating the importance
of oxidative stress in ulcer pathogenesis. This is the case in ulcers with alkali
burn as a cause [14] and in those with an infectious cause [15]. Recently, re-
searchers have shown that the use of mobile telephones close to rat eyes in-
creases oxidative stress in the cornea and lens [16]. In corneal tissue, levels
of malondialdehyde, a key marker of oxidative stress, together with catalase ac-
tivity, significantly increased in the mobile telephone group compared with the
use of a mobile telephone plus vitamin C group and the control group (P <
.05), whereas SOD activity was significantly decreased (P < .05). At the other
face of the cornea, that of the endothelial surface, oxidative stress can likewise
have deleterious effects. Incubation of the cornea with hydrogen peroxide
reduced endothelial barrier function, with an increase in dextran permeability
and concurrent reductions in active fluxes across the endothelium [17]. These
changes resulted in corneal edema, with this effect potentiated by pretreatment
with 3-aminotriazole to inhibit catalase activity or with buthionine sulfoximine
to inhibit glutathione synthesis [18]. Hydrogen peroxide should not, however,
be seen only as an aggressor molecule in the anterior segment of the eye; it has
an important immunoregulatory role as is considered elsewhere in this article.
Endothelial protection from oxidative stress comes in many guises, with vaso-
active intestinal peptide (VIP), a neurotrophic peptide present in aqueous
humor, being an important factor [19]. VIP is generally immunosuppressive.

Uveitis

Oxidative stress 1s a key player in the drama of inflammation; thus, we should
not be surprised that it is important in uveitis. Experimental rodent models of
uveitis generally involve the posterior segment; as such, it is retinal mitochon-
dria that exhibit signs of oxidative stress, which seems to result from the upre-
gulation of inducible nitric oxide synthase (INOS) in photoreceptor
mitochondria and retinal cytokine generation by antigen-specific infiltrating
T cells [20]. Macrophages in these uveitic environs show upregulated iNOS
when in the presence of y-interferon [21]. Such models may be of relevance
to uveitic disease involving the posterior segment of the eye in human beings,
such as Behget’s disease, in which oxidative stress is of importance [22]. Their
relevance to the anterior uveitis seen more commonly in our companion ani-
mal species is less clear. Yet, oxidative stress is also seen in models of anterior
uveitis, such as that induced by endotoxin [23]. Aqueous humor levels of
malondialdehyde, a key marker of oxidative stress [24], were markedly
increased in endotoxin-mediated uveitis, whereas SOD, glutathione peroxi-
dase, and catalase, enzymes acting to inhibit oxidative stress, were reduced.
As one might expect, in the same way that it aims to reduce or curtail uveitic
tendencies by the influence of anterior chamber acquired immune deviation
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[25], the eye has several mechanisms to reduce the oxidative stress caused by
intraocular inflammation. The trophic factor pigment epithelial-derived factor
(PEDF) is produced by the retinal pigment epithelium and also by the epithe-
lium of the ciliary body, from whence it is secreted into the aqueous humor
[26]. Increased levels of PEDF are reported in cases of uveitis [27], with this
factor having several beneficial effects, ranging from reducing the apoptotic ef-
fects of reactive oxygen species in the eye [28] to ameliorating the effects of ox-
idative stress on barrier function so critical in separating the intraocular milieu
from the rest of the body [29].

Cataract

One might not expect the lens to be site wherein oxidative stress plays a major
part in pathologic conditions; metabolic activity here is quite low, because the
lens 1s mostly crystalline protein with a paucity of cell organelles, such as
mitochondria, which are the center of so much oxidative stress in the rest of
the body. Yet, in fact, the lens is perhaps the most oxidatively stressed tissue
in the body. Lens issue is, after all, exposed to light all the time that the eyelids
are open, and this means that photo-oxidation occurs at a high rate with major
effects [30]. The thiol groups on lens crystallins are readily oxidized to a disul-
fide bridge joining the proteins [31]. The resulting protein aggregation results in
cataract, a condition that blinds millions of people globally [32] and many aging
animals as well [33,34], although we have much less data on the condition in
companion animals compared with that in people. In human beings, age-related
cataractogenesis first starts in the lens nucleus with brunescence (browning) of
the lens tissue [35]. Lens proteins experimentally irradiated with UV light
develop a similar browning associated with loss of the amino acid tryptophan.
Brunescent aged lenses in vivo do not show this loss of tryptophan, and the
hydroxylated amino acids that occur in age-related cataract do not occur in
artificially irradiated lens proteins [36]. The solution of this conundrum is
that UV filters in the lens are responsible for the lens changes seen in vivo.
In skin, melanin is the compound, a polymer of tyrosine, that protects against
UV irradiation damaging effects. UV protection in the lens is based on a group
of molecules synthesized from tryptophan, with the main protectant being
3-hydroxykynurenine glucoside (3-OHKG) [37]. This glucoside and several
relatives break down on UV irradiation and are then scavenged by the antiox-
idants NADPH and glutathione, protecting other lens molecules from damage.
This is important, because unlike any other proteins in the body, crystallins in
the center of the lens do not turnover through life. Your nuclear crystallins are
the ones you were born with. The UV filters are, however, themselves dam-
aged irreversibly once, in later life, when the scavenging antioxidant systems
begin to fail. Loss of reduced glutathione through oxidation and lack of dietary
antioxidant protection for the lens lead to accelerated formation of hydroxyl
radical formation in the lens. The UV filters that should prevent this damaging
irradiation seem to accumulate on the lens proteins and become oxidized by
low levels of oxygen in the center of the lens. These UV filters are not only
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lens-specific but are primate-specific, explaining why we do not see brunes-
cence in aging lenses in other mammal groups and may also be why the
age-related cataract seen in dogs and cats is more posterior cortical rather
than nuclear [38]. Here, the key feature protecting these aging lens proteins
is the predominant lens protein itself. o-Crystallin has not only a key structural
role in the lens but acts as a chaperone molecule here and elsewhere in the
body. These molecules, closely linked to heat-shock proteins throughout the
animal kingdom even down the evolutionary tree as far back as bacteria, act
to protect other proteins from damage and misfolding. Because the lens pro-
teins must stay in solution to yield a transparent lens, cross-linking and mis-
folding result in protein aggregation and lens opacification. In regard to thiol
photo-oxidation, lens crystallins can be altered to include carbonyl (ie, oxygen
double-bonded to the carbon backbone) adducts or glycated in the presence of
sugars through the Maillard and amiodarone reaction to produce advance gly-
cation end products [39]. These changes are particularly important in diabetic
individuals, in whom several pathways lead to lens change, with many acting
finally though the production of the hyperglycemia-induced process of over-
production of superoxide by the mitochondrial electron transport chain [40].
Other lens proteins, such as aquaporins, can undergo posttranslational modi-
fications, such as oxidation, glycation, or deamidation, which may lead to
cataract [41].

Oxygen is certainly important in the generation of cataract; patients treated
with hyperbaric oxygen do develop nuclear cataract; the loss of glutathione,
protein insolubilization, and membrane changes all seem to be an accelerated
form of agerelated cataract [42]. Mitochondria seem to be vital in keeping
oxygen levels low in the center of the lens. Interestingly, the porcine lens is
particularly highly exposed to oxygen, because a countercurrent system in
the choroid concentrates oxygen there to supply the metabolically highly active
retina. Even in fish with pathologically high posterior segment oxygen tensions,
cataract does not seem to be a major ophthalmic lesion [43], presumably
because of a specifically adapted lens redox system. In the same way, as is
detailed elsewhere in this article, oxygen retinotoxicity does not occur in fish
in the same way that it does in experimental rodents subjected to hyperbaric
oxygen for long periods.

Recovery from oxidative damage in the lens depends on the removal of
oxidized lens proteins. The ubiquitin-proteasome pathway used throughout
the body to protect against the adverse events of oxidation is increased in
lens cells during recovery from oxidative stress, such as that provided in vitro
by the use of hydrogen peroxide. Proteins with carbonyl adducts are found to
be ubiquitinized [44], and the age-related reduction in lens ubiquitin is paral-
leled by an increase in oxidative damage [45].

Lipid peroxidation is also a factor in cataractogenesis [46], although the focus
of oxidative action in this case is the cell membranes of the lens epithelial cells
[4748]. The changes induced in these studies were seen in lens fiber cultured in
atmospheres with increased oxygen levels but mirror the changes seen in older
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lenses [49]. Lens membranes are unique in that they contain high levels of cho-
lesterol and plasmalogen and high levels of dihydrosphinomyelin. Lens lipid
composition changes substantially with age, with particular effects on mem-
brane fluidity. Lipid peroxidation results in the generation of lipid-derived alde-
hydes, and in extralenticular tissues, these have been shown to mediate many
of the effects of oxidative stress by acting as toxic messengers. The relative and
absolute amounts of sphingolipids increase with age, whereas glycerolipids,
including phosphatidylcholine, decrease. These changes are exacerbated in
the presence of cataract and are substantial, greater than the changes i lipid
levels reported in any other organ system in association with other aging
diseases [49,50].

DNA is also a target of oxidative stress, and DNA damage and apoptosis
occur in lens epithelial cells exposed to oxidative stress, a factor causing cata-
ract in experimental rodents [51] ultraviolet B (UVB) irradiation causes
DNA fragmentation and apoptotic cell death in oxidative stress—induced im-
mortalized lens cell lines when the stressor was UV irradiation, whereas necro-
sis occurred when the stressor was hydrogen peroxide or tbutyl
hydroperoxide [52]. The same is true of x-ray-irradiated lenses, in which anti-
oxidants, such as carnitine, can be instrumental in reducing pathologic effects
[53].

Dietary antioxidants are important in reducing the incidence of lens opacifi-
cation, as demonstrated in in vitro models [54-56] in numerous retrospective
analyses in human and rodent models of cataractogenesis, with these having
been reviewed in detail recently [57]. Two important rodent models are those
of the OXYS rat, selected for high oxidative stress. These rats had been bred
for a high incidence of cataract formation when fed high levels of galactose;
however, after five generations of selective breeding, the rats developed cata-
ract without the requirement for high dietary galactose. Enhanced transport
of glucose into the cells of the rat was causing the cataract and also leading
to overgeneration of reactive oxygen species intracellularly without diabetes
and with normal blood sugar levels. Lens opacification starts at the interface
between the nucleus and cortex by 2 months of age, progressing to total
nuclear cataract with increasing cortical involvement by 6 months of age
[58]. A wide variety of morphologic changes occur at different areas within
the lens: cell swelling and globule formation occur at the corticonuclear inter-
face, redistribution of cytoplasmic contents occurs in the nucleus, and cell
fusion sites are common in the cortex. Evidence for the involvement of reactive
oxygen species in the pathologic changes comes from histochemical determina-
tion of oxidative breakdown products from damaged DNA, lens epithelial
hyperplasia, and altered membrane structures [59]. Another rodent model is
the Emory mouse, which has been studied since the mid-1980s [60] and,
more recently, particularly investigated with regard to the effect of caloric
restriction of cataract formation [61], which is especially relevant given the
close association between caloric restriction, aging, and the effects of long-
term oxidative stress [62,63].
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RETINAL DEGENERATION
The fact that the mutations responsible for inherited degenerations, such as gen-
eralized progressive retinal atrophy in the dog and similar disease in experimental
models like the rd-1 mouse [64] or environmental factors in rodents exposed to
continuous light, should not blind us (if one would excuse the pun) to the impor-
tance of oxidative stress in the degenerating retina. Elevated malondialdehyde
and low glutathione peroxidase activity detected in the degenerating retina in
rd-1 mice indicate higher oxidative load [65]. Decreased levels of glutathione
transferase in the degenerating retina increase the effects of reactive oxygen
species produced by the degenerating retina, and replenishment of this enzyme
reduces the degree of photoreceptor death [66]. Indeed, it is oxidative stress
that may well be the cause of cone death in a condition that is focused on meta-
bolic change in the rod. Rods are the primary users of oxygen in the retina, and
once they begin to die, excess oxygen can have catastrophic deleterious effects on
the remaining photoreceptors [67]. This hypothesis is supported by the amelio-
rative and protective effect of antioxidants on retinal degeneration [68].
Although the efficacy of antioxidants in generalized progressive retinal atro-
phy is at present unclear, the retinal degeneration that used to be called ““central
retinal atrophy” and is now called “retinal pigment epithelial dystrophy”
clearly has an oxidative background, not to say center. Subnormal retinal pig-
ment epithelial activity, whether through a genetic mutation [69] or through
reduced levels of dietary vitamin E intake [70], renders the normal phagocytic
and antioxidant function of the retinal pigment epithelium defective. Lipofuscin
is deposited in the retina when photoreceptor pigment is insufficiently dealt
with by the antioxidant biochemical pathways in the retinal pigment epithe-
lium. Lipofuscin and ceroid are fluorophore products formed during the reac-
tion of cell metabolites with secondary aldehydic products of oxygen free
radical-induced oxidation, particularly lipid peroxidation. Ceroid and lipofus-
cin progressively accumulate as a result of phagocytosis and autophagocytosis
of modified biomaterials within postmitotic cells. Lipofuscin is generally consid-
ered the classic age pigment of postmitotic cells, whereas ceroid is held to accu-
mulate as a result of pathologic processes. Even so, lipofuscin deposition can
occur in the retina to the extent that it compromises retinal function [71].
The fluorophores in lipofuscin, and particularly A2E, generate reactive oxida-
tive species when exposed to light, particularly at the blue end of the spectrum
[72-74]. A2E and other fluorophores are formed as a result of reactions of all-
trans retinal with phosphatidylethanolamine when reduction to retinol does not
occur [75]. In this way, oxidative stress, which prevents reduction of all-trans
retinal, results in further photo-oxidative reactions. The retinal pigment epithe-
lium 1s thus a hotbed of oxidative activity. It lives on a knife edge of apoptotic
potential and is only saved from this oxidative catastrophe by the presence of
a-crystallin, discussed previously in the context of the ocular lens [76]. In our
short-lived companion animal species, these reactions are probably not critical
to maintaining vision, apart from in dog breeds with inherited vitamin E
defects, such as the Briard [77], and those with ceroid lipofuscinosis, such as
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the miniature schnauzer [78] and Owczarek Nizinny (Polish lowland sheepdog)
[79]. We have little information on retinal oxidative stress in these latter condi-
tions, but the mnd mouse, a classic model of ceroid lipofuscinosis, shows
oxidative damage in the retina [80], and it would not be unreasonable to
suggest that the same changes are likely to be occurring in the dog. In human
beings, oxidative stressors play a key part in the pathogenesis of age-related
macular degeneration [81].

Glaucoma

If one approaches glaucoma as an optic neuropathy in which damage to the
optic nerve and subsequent ganglion cell loss is the key feature, oxidative stress
can readily be built into the picture of disease initiation and progression. Ret-
inal ganglion cell death in glaucoma has been shown to be directly associated
with the generation and effects of reactive oxygen species [82]. Axonal injury
caused by increased intraocular pressure and resulting ganglion cell apoptosis
results in the generation of reactive oxygen species that can then contribute to
the death of previous undamaged ganglion cells. Experiments demonstrating
reduced apoptosis under the influence of reactive oxygen species scavengers,
such as SOD and catalase, show that oxidative stress is an important if not
crucial factor in cell loss through apoptosis. Reactive oxygen species can also
act as cell signaling molecules, which leads to glial cell dysfunction and also
the stimulation of antigen presentation [83].

Increased intraocular pressure is, however, only one factor, albeit an
extremely important one, in ganglion cell death in glaucoma. Vascular factors
leading to reductions in optic nerve head perfusion mean that hypoxia and
oxidative stress are key features of the optic nerve and retina in many cases
of chronic glaucoma [84]. Quite how important these factors are in canine glau-
coma is unclear, and further research needs to address this whole question.
Hypoxia-induced expression of genes for molecules, such as hypoxia-inducible
factor-1a,, a master regulator of oxygen homeostasis, leads to the upregulation
of a wide range of genes in the retina and optic nerve, such as those encoding
erythropoietin, glycolytic enzymes, and vascular endothelial growth factor. In
addition, activation of optic nerve glial cells by hypoxia seems to be an impor-
tant feature in determining their ultimate role in glaucomatous neurodegenera-
tion [85]. Yet, how does this relate to oxidative stress? Surely, hypoxia and
oxidative stress are at opposite ends of the redox spectrum?

The same paradox is seen in the role of oxidative stress and reactive oxygen
species in cerebral ischemia: hypoxia damages neurons, but it is reactive oxy-
gen species that also play a key role in neuronal death during ischemia, and
more particularly during reperfusion injury [86]. Reactive oxygen species,
such as nitric oxide, can also play an important role as intracellular signaling
molecules acting in a proapoptotic manner to be key players in the retinal gan-
glion cell degeneration characteristic of glaucoma [87-89].

Oxidative stress is not only active in the glaucomatous optic nerve head,
however. It was more than a quarter of a century ago that Alvarado and
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colleagues [90,91] postulated that oxidative stress was instrumental in the loss
of trabecular meshwork cells in progressive open-angle glaucoma in human
beings. More recently, researchers have dissected the changes in trabecular
meshwork connective tissue morphology and endothelial cell function occa-
sioned by reactive oxygen species [92].

Optic Neuropathies

The clearest example of oxidative stress playing a central role in an ocular disease
is that of Leber’s optic neuropathy in human beings. This ganglion cell
degeneration is caused by one of three point mutations in mitochondrial DNA
encoding the NADH/ubiquinone oxidoreductase of the oxidative phosphoryla-
tion chain in mitochondria [93]. These mutations decrease ATP synthesis yet in-
crease oxidative stress [94]. Ganglion cell death occurs by apoptosis, which may
be linked to a concurrent impairment of glutamate transport and to increases in
retinal reactive oxygen species caused by disruption of the mitochondrial
electron transfer chain. Although several experimental animal models, mostly
transgenic [95], have been mvestigated, no spontaneously occurring animal
model of Leber’s optic neuropathy (not to be confused with Leber’s congenital
amaurosis, for which the Briard and long-haired miniature dachshund stand as
valuable canine models [96,97]) has been recognized and reported.

Oxidative stress also seems to play an important part in optic neuritis [98].
Again, it i1s experimental animal models that have led the way in defining
this, but evaluation of optic nerves from mice with experimental autoimmune
encephalomyelitis using dichlorofluorescein diacetate (DCFDA), dihydroethi-
dium, and cerium chloride to probe for reactive oxygen species showed their
presence, and ribozyme suppression of SOD increases nerve damage, underlin-
ing the importance of oxidative stress in the disease [98].

SUMMARY

It might be argued that most of the disease states described in this article are
those encountered in human beings or in experimental rodent models. How
do they relate to the clinical world of veterinary ophthalmology? The author
would argue that many of the molecular interactions modeled here are likely
to be reproduced in the diseases of the ocular surface, cornea, uvea, lens, retina,
and optic nerve seen in the companion dogs and cats we treat. It is for us to
mvestigate further the involvement of oxidative stress in clinical disease with
the long-term aim to use antioxidants to reduce the impact of oxidative stress
m these diseases. The author hopes that this review will stimulate such research
m basic science and clinical practice.
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