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Abstract
Oxidative stress occurs when the level of prooxidants exceeds the level of antioxidants in cells
resulting in oxidation of cellular components and consequent loss of cellular function. Oxidative
stress is implicated in wide range of age related disorders including Alzheimer's disease, Parkinson's
disease amyotrophic lateral sclerosis (ALS), Huntington's disease and the aging process itself (Lin
and Beal, 2006). In the anterior segment of the eye, oxidative stress has been linked to lens cataract
(Truscott, 2005) and glaucoma (Tezel, 2006) while in the posterior segment of the eye oxidative
stress has been associated with macular degeneration (Hollyfield et al., 2008). Key to many oxidative
stress conditions are alterations in the efficiency of mitochondrial respiration resulting in superoxide
(O2

-) production. Superoxide production precedes subsequent reactions that form potentially more
dangerous reactive oxygen species (ROS) species such as the hydroxyl radical (˙OH), hydrogen
peroxide (H2O2) and peroxynitrite (OONO-). The major source of ROS in the mitochondria, and in
the cell overall, is leakage of electrons from complexes I and III of the electron transport chain. It is
estimated that 0.2-2% of oxygen taken up by cells is converted to ROS, through mitochondrial
superoxide generation, by the mitochondria (Hansford et al., 1997). Generation of superoxide at
complex I and III has been shown to occur at both the matrix side of the inner mitochondrial
membrane and the cytosolic side of the membrane (Kakkar and Singh 2007). While exogenous
sources of ROS such as UV light, visible light, ionizing radiation, chemotherapeutics, and
environmental toxins may contribute to the oxidative milieu, mitochondria are perhaps the most
significant contribution to ROS production affecting the aging process. In addition to producing ROS,
mitochondria are also a target for ROS which in turn reduces mitochondrial efficiency and leads to
the generation of more ROS in a vicious self-destructive cycle. Consequently, the mitochondria have
evolved a number of antioxidant and key repair systems to limit the damaging potential of free oxygen
radicals and to repair damaged proteins (Figure 1.0). The aging eye appears to be at considerable
risk from oxidative stress. This review will outline the potential role of mitochondrial function and
redox balance in age-related eye diseases, and detail how the methionine sulfoxide reductase (Msr)
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protein repair system and other redox systems play key roles in the function and maintenance of the
aging eye.
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Introduction
Maintaining the redox balance within the mitochondria is critical for cellular homeostasis since
the mitochondria house the energy producing systems of the cell and it is widely recognized
that damage to the mitochondria plays a key role in aging and age-related disorders. Production
of reactive oxygen species (ROS) species such as the hydroxyl radical (˙OH), singlet oxygen
(1O2), hydrogen peroxide (H2O2) and peroxynitrite (OONO-) is finely balanced with
sophisticated antioxidant and repair systems located in this complex organelle. Loss of these
systems leads to protein oxidations that are hallmarks of many ocular diseases including
cataract and retinal degeneration. The two most oxidizable protein amino acids are methionine
and cysteine making mitochondrial systems that protect or repair these of particular interest.
This review is an attempt to integrate how mitochondrial ROS are altered in the aging eye,
along with those protective and repair systems believed to regulate ROS levels in this tissue
and how damage to these systems contributes to age-onset eye disease. Given the enormity,
complexity and wide ranging importance of these systems we undoubtedly have overlooked
many critically important aspects of this area. In particular, redox regulation of signaling
systems has not been included. Possible omissions in this regard in no way diminish the
importance of these areas and we apologize in advance for any omissions.

ROS and Aging
ROS are believed to arise in cells from exogenous (environmental) and endogenous sources.
Exogenous sources of ROS include UV light, visible light, ionizing radiation,
chemotherapeutics, and environmental toxins. Endogenous sources include activity of
peroxisomes, lipooxygenases, NADH oxidase, cytochrome P450 and of course mitochondrial
respiration. In humans, ROS have been implicated in a variety of human diseases including
cancer, type II diabetes, arteriosclerosis, chronic inflammatory diseases and ischemia/
reperfusion injury (Droge, 2002). ROS or oxidative stress have also been linked to age-related
diseases and the aging process itself leading to the proposition of the free radical theory of
aging. A significant amount of total research is dedicated to the elucidation of the role of ROS
in many diseases but also in the aging process. The mitochondrial theory of aging proposes
that ROS production leads to an accumulation of mitochondrial DNA (mtDNA) mutations
leading to mitochondrial dysfunction, consequent increased ROS production, cell death and
generation of aging diseases. ROS production, increases with decreasing cellular antioxidant
capacity during aging (Wei and Lee, 2002). The resulting ROS-induced damage to proteins
and lipids is believed to underlie the pathogenesis of a number of age related diseases including
Alzheimer's disease, Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis,
hereditary spastic paraplegia, and cerebellar degenerations (Beal, 2005).

To reduce the accumulation of ROS damage and hold off the onset of age-related diseases,
caloric restriction has been shown to be the most effective anti aging intervention studied thus
far. Restricting food intake of laboratory animals increases both the mean and maximum
lifespan and actually slows the progression of age-associated disease (Gredilla and Barja,
2005). It has been demonstrated in a number of models that caloric restriction decreases
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mitochondrial free radical generation thus decreasing macromolecule and mitochondrial
damage (Barja, 2004). Interestingly restriction of methionine intake (40% and 80% restriction)
has also been shown to decrease mitochondrial ROS generation and percent free radical leak
in rat liver mitochondria (Caro et al., 2008). The same group also reported that protein
restriction alone could decrease mitochondrial ROS production and mtDNA damage in rat liver
(Sanz et al., 2004). Caloric restriction also retards age related diseases, studies of dietary links
to Parkinson's disease and Alzheimer's suggest that individuals with a low calorie intake are
at reduced risk (Matteson et al., 2002). Caloric restriction was shown to specifically decrease
ROS production at complex I of the electron transport chain (Gredilla et al., 2001) giving further
strength to the argument that mitochondrial ROS are major contributors to aging and potentially
the development of age-onset diseases.

Mitochondria and ROS
Mitochondria are sometimes referred to as the powerhouses of the cell since they generate most
of the cells chemical energy requirement in the form of adenosine triphosphate (ATP). They
also have a significant role in regulating apoptosis and necrosis, ROS levels, cellular signaling,
control of the cell cycle, and growth and differentiation (Pedersen, 1999). Mitochondria are
also involved in calcium uptake and release, production of NADH, synthesis of DNA, RNA
and proteins, DNA repair and metabolic pathways. Mitochondria are a double membrane
organelle with four distinct compartments, the outer membrane, inner membrane,
intermembrane space and the matrix. It is the only organelle apart from the nucleus to contain
its own DNA, mtDNA is a circular molecule of just over 16000 base pairs making up 37 genes
that encode 13 components of the electron transport chain, and transcription and translational
machinery. Oxidation of fuels, such as glucose, generates reducing equivalents that feed into
the electron transport chain of the mitochondria (Harper et al., 2004). The electron transport
chain generates ATP by oxidative phosphorylation, creating a proton gradient through
sequential transfer of electrons donated by reducing equivalents. This complex system is made
up of five multi enzyme subunits, NADH dehydrogenase comprises complex I (46 subunits),
succinate dehydrogenase is complex II (4 subunits), cytochrome C reductase and cytochrome
C oxidase make up complexes III and IV respectively (11 and 13 subunits). Complex V is the
ATP synthase (16 subunits) that uses the proton gradient created by the first four complexes
to drive phosphorylation of ADP to form the energy rich ATP. Increasingly, mitochondria are
thought to play a regulatory role in cell death partly due to its role as a source of ROS and due
to the release of cytochrome C and other pro-apoptotic factors that activate caspases and trigger
apoptosis. Cytochrome C is a small globular heme containing electron carrier in the electron
transport chain of the mitochondria. Its primary role in the electron transport chain is a crucial
one, shuttling electrons from Complex III (ubiquinol:cytochrome c reductase) to complex IV
(cytochrome oxidase), however, its release from the mitochondria to the cytosol is the initiating
factor for the internal apoptotic pathway. The release of cytochrome C is a two step process,
initiated by release of the hemoprotein from its binding to cardiolipin at the inner mitochondrial
membrane (Ott et al., 2002); this results in a pool of free cytochrome C in the intermembrane
space. Subsequent permeabilization of the outer mitochondrial membrane releases cytochrome
C into the cytosol where it binds apoptotic peptidase activating factor 1 (APAF1).

Mitochondria and Eye Tissues
Tissues with high energy demands such as muscles, heart, liver, endocrine glands, brain and
retina, have higher numbers of mitochondria per cell. Distribution of mitochondria in the lens
is associated with its development. The lens is composed of cells that differentiate from an
anterior layer of cuboidal epithelia and migrate posteriorly to form elongated lens fiber cells
that make up the lens nucleus. During this process fiber cells synthesize high levels of lens
crystallins before losing their nuclei and mitochondria. Thus, the single monolayer of epithelial
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cells that lines the anterior of the lens, are the only lens cells that carry out aerobic metabolism
and contain mitochondria aside from newly differentiated fiber cells. The lens is especially
susceptible to damage with aging since lens the cells and their cellular proteins are not turned
over or replaced in this encapsulated tissue. The proteins at the center of the eye are some of
the oldest in the body and obviously susceptible to age related oxidative damage. Damage to
the mitochondria of the epithelial cells may result in ROS production that is thought to affect
the proteins of the underlying fiber cells.

The retina is the most oxygen consuming tissue in the body with consumption level around
50% higher than the brain or kidneys (Rattner and Nathans, 2006). In the retina, mitochondria
are found throughout but the highest number of mitochondria per cell is found in the
photoreceptors.

Mitochondrial Diseases
Over 100 mutations in mtDNA have been identified in various tissues in aged individuals
leading to defects in respiratory function. Mutations can affect specific proteins of the
respiratory chain or the synthesis of mitochondrial proteins by mutations in any of the genes
coding for necessary RNAs. Mitochondrial diseases result from defects in respiration and
oxidative phosphorylation, which lead to decreased ATP synthesis and increased production
of ROS. Point mutations in particular can result in diseases ranging from myopathies to
multisystem disorders (DiMauro and Schon, 2003). One of the most common mtDNA
mutations is the 4977-bp deletion, which was first observed in chronic progressive external
opthalmoplegia among other syndromes (Wei and Lee, 2002). Mutations in tRNALeu(UUR)

gene are associated with the mitochondrial encephalomyopathy, lactic acidosis and strokelike
episodes syndrome (MELAS). Mutations in the tRNALys gene are present in 80-90% of patients
with myoclonus epilepsy with ragged red fibers (MERRF) syndrome.

In the eye, Leber's hereditary optic neuropathy (LHON) is considered to be the most prevalent
mitochondrial disorder. It arises from point mutations in mtDNA (18 allelic variants are known)
leading to selective loss of retinal ganglion cells, central vision loss and optic neuropathy. The
point mutations in LHON affect complex I of the electron transport chain, decreasing energy
production, increasing oxidative stress and resulting in mitochondrial dysfunction.

Mutations in nuclear DNA (nDNA) may affect subunits of complexes I and II but not the other
complexes of the electron transport chain. Those mutation affecting complexes I and II may
results in severe neurodegenerative diseases, Leukodystrophy or Leigh's syndrome. In the case
of mutations in complex II, paragangliomas and pheochromocytomas may be found. Defects
in complex III, IV and V may results from mutations in nDNA encoding proteins responsible
for assembly or insertion of cofactors (DiMauro and Schon, 2003).

Mitochondrial Reducing Systems
Reducing systems in the mitochondria employ electron donors such as glutathione (GSH),
thioredoxin (Trx), NADPH, NADH, FADH2 and certain amino acids. Reducing equivalents
act as important electron donors in order to maintain the redox status of a number of essential
proteins and aid antioxidant enzyme systems. In the eye, GSH is a primary protectant of lens,
cornea, and retina against ROS induced damage (Ganea and Harding, 2006). The eye lens in
particular contains high levels of reduced GSH, in cataractous lenses GSH has been shown to
be depleted by up to 60% (Spector, 1995) while GSH levels have been shown to decrease with
age particularly in the nucleus of the lens (Bova et al., 2001).

In all cells, GSH is maintained in its reduced form rather than its oxidized form (GSSG) by
glutathione reductase in an NADPH dependent manner to prevent mixed disulphide formation
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and to act as an available electron donor for peroxidases. The mitochondrion, along with a
number of organelles, maintains its own GSH pool which has been shown to be essential for
cell survival (Reed, 2004). Oxidation or depletion of reduced GSH affects the redox status of
the mitochondria and leaves the cell sensitive to apoptotic stimuli. Thioredoxin proteins (Trx)
are small thiol proteins that have an active-site dithiol that reduces protein disulphides, leaving
an internal disulphide on thioredoxin (Arner and Holmgren, 2000). Thioredoxin 2 is
mitochondrial-specific and it acts as an important reducing equivalent for many protective and
repair systems in the eye. Thioredoxin, like GSH, must also be maintained in its reduced state,
the enzyme thioredoxin reductase reduces thioredoxin in a NADPH dependent reaction.
NADPH, the source of which is the pentose phosphate pathway (PPP), also acts as a reducing
agent for glutathione reductase, which maintains GSH in its reduced state. Under conditions
of oxidative stress the PPP can increase NADPH production making it of key importance in
cellular redox control (Giblin et al., 1981). NADH and FADH are formed during glycolysis,
fatty acid oxidation and the citric acid cycle and are funneled into the electron transport chain
of the mitochondria to act as electron donors. NADH transfers electrons to Complex I of the
electron transport chain while FADH2 transfers to complex II during the oxidation of succinate
to fumarate.

Methionine (Levine et al., 1996) and cysteine residues are thought to act as antioxidants by
directly scavenging ROS; both amino acids are particularly susceptible to oxidative stress;
however, unlike most protein oxidations, these modifications are reversible. Free and protein
bound methionine can be cycled between the oxidized and reduced forms with the aid of the
Msr enzymes (Levine et al., 1996). Protein bound cysteine residues are known to be key players
in redox sensing and regulation (Holmgren et al., 2005), and there are a number of repair
systems for disulphide bonds, cycling of cysteine residues between oxidized and reduced
forms. Ciorba et al. (1997) suggested that the function of the shaker potassium channel was
modulated by oxidation and reduction of a key methionine residue by MsrA. In this way,
methionine and cysteine residues may become sinks for ROS without permanent adverse
consequences for protein and cellular function.

Mitochondrial protective and repair systems
Mitochondrial protection and repair is mediated by the reducing agents detailed above, primary
antioxidants and chaperones, antioxidant enzymes and specific protein repair systems. In the
mitochondria all of the systems work in concert to protect against ROS-induced damage.

In the eye, primary antioxidants that directly scavenge ROS, such as Vitamin C and E and the
carotenoids are well studied. Although in vivo and in vitro animal studies have linked
antioxidants and cataract, data showing a protective effect of antioxidant vitamin
supplementation is mostly observational. In a randomized double blind trial using vitamin E
supplementation to reduce cataract risk the results did not support vitamin supplementation as
a valid therapy (McNeil et al., 2004). However, a study of multivitamin Centrum suggested
that daily use may be of benefit in delaying onset of lens opacities (Milton et al, 2006).

Plasma concentrations of the carotenoids lutein and zeaxanthin have been studied in association
with age related macular degeneration (ARMD), these supported the view that zeaxanthin may
help protect against ARMD (Gale et al., 2003). However, in 2006 Trumbo and Ellwood
published an evaluation of data concerning lutein and zeaxanthin. They concluded that no
credible evidence exists to support intake of lutein or zeaxanthin or both to protect against
either ARMD or cataract. Similarly a meta-analysis of supplementation trials by Chong et al.
(2007) indicated that there was insufficient evidence to support the use of antioxidant
supplementation for prevention of ARMD. Klein et al., in 2008 showed that an individual's
response to AREDS supplements may be related to CFH genotype. This is one of the few
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pharmacogenetic studies to suggest interaction between genotype and treatment. Current
evidence does not appear to support the use of antioxidant vitamin supplements to prevent
AMD, although more studies are required particularly in light of the Klein study for genetic
variation. Another meta-analysis and review of supplementation trials by Evans (2008)
suggests that people with AMD, or early signs of the disease, may experience some benefit
from taking supplements as used in the age-related eye disease study (AREDS) trial. AREDS
compared four treatment groups: antioxidants (vitamin C 500mg, vitamin E 400 IU, and b-
carotene 15mg)/day, zinc (zinc oxide 80mg and cupric oxide 2mg), antioxidants plus zinc and
a placebo group. It would seem that use of antioxidant supplementation to guard against age
related cataract remains controversial, while AREDs type supplementation may help decrease
progression in ARMD.

In addition to free radical scavengers chaperones are also believed to be essential for
mitochondrial function and to play important roles in eye disease. The mitochondrion contains
two specific molecular chaperones, Hsp 70 and Hsp 60. While Hsp 60 appears to be particularly
involved in protecting against protein misfolding, the house-keeping functions of the Hsp70
chaperones include transport of proteins between cellular compartments, degradation of
unstable and misfolded proteins, prevention and dissolution of protein complexes, folding and
refolding of proteins, uncoating of clathrin coated vesicles, and control of regulatory proteins
(Daugaard et al., 2007). These important proteins may provide a means of protecting damaged
protein in the aging eye and may play a role in the pathogenesis of a number of maculopathies
where protein aggregation appears to be the cause (see maculopathies).

In addition to the large heat shock proteins, small heat shock proteins are also believed to play
key roles. The small heat shock protein α-crystallin, which is the major protein of the
mammalian lens, is an aggregate assembled from two polypeptides (αA and αB). Each
polypeptide has a molecular weight around 20,000 kDa and these structural proteins are known
to act as molecular chaperones (Horwitz, 1992). Both proteins appear to have extensive non-
lens roles (Nagineni and Bhat, 1992). Brady et al., (1997) showed that in αA crystallin knockout
mice the lenses were smaller than wild type and developed opacification in the nucleus of the
lens that became widespread with age. In the retina, studies on RPE from wild type and αA
and αB knockout mice showed that both proteins were localized to the mitochondria and that
a lack of alpha crystallins rendered RPE more susceptible to apoptosis following oxidative
stress (Yaung et al., 2007). It may be that a loss of crystallin chaperone activity during oxidative
stress may lead to RPE death and contribute to the pathogenesis of macular degeneration.

A critical mitochondrial protective and repair system for the eye and other tissues employs
repair enzymes that operate on protein sulfhydryl groups sensitive to oxidative stress. These
moieties can easily conjugate with nonprotein thiols (S-thiolation) to form protein-thiol mixed
disulphides. A number of systems exist to combat and/or repair this type of oxidative damage.
The glutathione (GSH) system, consisting of reduced GSH, oxidized glutathione (GSSG) and
a number of related enzymes, is the main redox control system of the cell. The GSH system
detoxifies H2O2, dehydroascorbic acid and lipid peroxides and maintains protein thiols in a
reduced state. Glutathione peroxidase reduces H2O2 to water with the concomitant oxidation
of GSH to GSSG; GSH is maintained in its reduced form by the enzyme glutathione reductase
in an NADPH dependent reaction. A reduction in glutathione peroxidase and glutathione
reductase activities has been observed in cataractous lenses, but this may be a consequence of
lens injury rather than the cause (Ganea and Harding, 2006). Another vital system acting on
free and mixed disulphides is the thioltransferase system which uses reduced GSH for reduction
of protein thiols to prevent disulphide bond formation and potentially protein aggregation.
Mitochondrial thioltransferase or glutaredoxin 2 has been shown to protect against disruption
of the mitochondrial transmembrane potential during oxidative stress in lens epithelial cells
(Ferando et al., 2006). Xing and Lou (2003) showed that overexpression of thioltransferase in
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HLE-B3 cells enhanced protection against H2O2 induced oxidative stress. They also showed
that cellular thioltransferase activity was inhibited by addition of cadmium to the medium.

The mitochondrial thioredoxin system consists of thioredoxin 2 (Trx2) and thioredoxin
reductase 2 (TrxR2) and also works to maintain mitochondrial proteins in their reduced state.
Mitochondrial Trx 2 haploinsufficiency (a single functional copy of a gene, where insufficient
product is produced) in mice was shown to reduce ATP production and increase ROS
production (Perez et al., 2008). In addition, absence of Trx2 causes early embryonic lethality
in mice (Nonn et al., 2003).

A major form of oxidative stress is initiated by transition metals in Fenton-type reactions that
generate OH radicals (Fridovich, 1997). One key system to detoxify free metals is
metallothioneins. Human exposure to heavy metal comes from a number of sources including
cigarette smoke, air pollution, industrial waste, emissions from fossil fuels, leaching from
landfills, fertilizers, corrosion of plumbing (Artic Monitoring and Assessment programme,
1988 and Ruffett et al., 1992) and green leafy vegetables (Chunilall, 2004). Since cigarette
smoke has been linked with cataractogenesis (Leske et al, 1991), detoxification of heavy metals
such as cadmium may be important in delaying onset of cataract. Hawse et al (2006) showed
that overexpression of metallothionein IIa (MTIIa) in lens epithelial cells protected against
cadmium induced oxidative stress. In addition, they showed that MTIIa could play a role in
regulating expression of other antioxidant enzymes, further enhancing protection in lens cells
and potentially delaying onset of lens opacity.

Antioxidant enzymes present in the mitochondria work in concert with the reducing and protein
repair systems and many have been shown to be crucial for protection against ROS mediated
damage and cell death in the eye. MnSOD (SOD 2) in the mitochondrial matrix converts O2

-

generated by the electron transport chain to hydrogen peroxide. Up and down-regulation of
SOD 2 has been shown to be important for protection of lens epithelial cells against oxidative
stress (Matsui et al., 2003). CuZnSOD (SOD 1) is present in the intermembrane space in some
cells types, where it also converts O2

- to H2O2 permitting further diffusion into the cytosol
(Ott et al., 2007). Overexpression of SOD 1 in whole lens has been shown to prevent H2O2-
mediated damage in the lens and thus was proposed to help prevent cataract, although this
overexpression was not mitochondrial specific (Lin et al., 2005). Unlu and Koc, (2007) showed
that in yeast, deletion of three genes, SOD1, SOD2, and CCS1 (Copper chaperone for
superoxide dismutase), shortened the life span, indicating the potential of these enzymes in the
aging process. Mice deficient in SOD 1 have features typical of AMD, older mice exhibited
drusen accumulation, thickened Bruch's membrane and choroidal neovascularization
(Imamura et al., 2006). SOD 2 was shown to protect against oxidation induced apoptosis in
RPE cells from wild type, hemizygous and heterozygous SOD 2 mice (Kasahara, et al.,
2005). Reddy et al. (2004) found that in SOD 2 deficient lens epithelial cells challenged with
superoxide there were dramatic mitochondrial changes, cytochrome C leakage, caspase 3
activation and increased apoptotic death.

Since H2O2 is a relatively stable and readily diffusible molecule a number of systems exist to
limit its damaging potential. These include catalase, glutathione peroxidase and the
peroxiredoxins. Mitochondrial localization of catalase appears to be restricted to heart
mitochondria, however, overexpression of catalase targeted to mitochondria in mice extended
lifespan and delayed cataract formation (Schriner et al., 2005) indicating the importance of
eliminating the toxic effects of H2O2 in lens cells. Peroxiredoxins use redox active cysteines
to reduce and detoxify H2O2, peroxynitrite and a wide range of organic hydroperoxides (Wood
et al., 2003). The peroxiredoxin III enzyme was found to be redox sensitive in lens cells and
is localized to human lens and mitochondria of lens epithelial cells (Lee et al., 2007). These
systems along with their potential role in ocular disease are outlined in Table 1.0.
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The Methionine sulfoxide reductase repair system
Msrs are a family of thioredoxin dependent oxidoreductases that reduce methionine sulfoxide
back to its reduced form methionine. Two classes of Msrs are known; MsrA and MsrB which
act on S- and R- epimers of methionine sulfoxide (MSO) respectively. Repair of oxidized
methionine has been shown to protect against oxidative stress in a number of cells, oxidation
of methionine may lead to significant changes in protein structure and functions. Eight targets
for MsrA have been reported including ribosomal protein L12 (Brot et al., 1981), α-1-
proteinase inhibitor (Abrams et al., 1981), calmodulin (Sun et al., 1999), Ffh protein in E.coli
(Ezraty et al., 2004), HIV-2 protease (Davies, et al., 2000), shaker potassium channel (Ciorba
et al., 1997), Hsp 21 (Gustavssson et al., 2002) and recently α-synuclein (Liu et al., 2008) but
it is thought that many more targets exist.

MsrA has been linked to the aging process, it is has been shown to extend lifespan in animals.
MsrA knockout mice have been shown to have a 40% reduction in lifespan compared to wild
type (Moskovitz, et al., 2001) while over expression of MsrA in Drosophila malanogaster was
shown to increase lifespan by up to 70% (Ruan et al., 2002). Over-expression of MsrA has also
been shown to increase resistance to oxidative stress in WI-38 SV40 fibroblasts (Picot et al.,
2005) and yeast and human T cells (Moskovitz et al., 1998). MsrA repair has been shown to
protect against hypoxia/reoxygenation in neuronal cells (Yermolaieva et al., 2004) and cardiac
myocytes (Prentice et al., 2007) and in MsrA knockout mice elevated levels of brain pathologies
have been observed (Pal et al., 2007), possibly due to an accumulation of oxidatively modified
proteins that would otherwise have been efficiently repaired by MsrA.

In the eye, much of the work carried out on Msrs has been in the lens. Kantorow et al.
(2004) localized MsrA to all regions of the human lens and demonstrated that overexpression
of MsrA in lens epithelial cells could protect against H2O2 mediated oxidative stress. Silencing
of the MsrA gene using siRNA increased sensitivity to H2O2 mediated oxidative stress in lens
cells, interestingly the decrease in MsrA levels lead to decreased viability even in the absence
of oxidative stress. Viability in this work was measured using the MTS assay which measures
the activity of mitochondrial enzymes indicating that MsrA is important in protecting
mitochondrial function in the lens cell. Marchetti et al., (2006) carried out further studies on
the effect of silencing the MsrA gene. They showed that decreased MsrA levels not only
reduced cell viability but also allowed increased ROS production in the cell and a decrease in
mitochondrial membrane potential even in the absence of oxidative stress, these effects were
augmented by TBHP-induced oxidative stress. This clearly points to an important role for
MsrA in mitochondrial function of lens cells. Additional work on MsrB enzymes indicated
that 40% of Msr activity in the lens was attributable to MsrB and remainder to MsrA; they also
localized the three MsrB enzymes in lens cells. The three MsrB genes exhibited asymmetric
expression patterns between different lens sublocations, including lens fibers and were also
shown to be important in protection against tBHP-induced oxidative stress (Marchetti et al.,
2005).

In the monkey retina MsrA message is found mainly in the macular RPE-choroid region while
its activity was found predominantly in the soluble fraction of neural retina and RPE-choroid
(Lee et al., 2006). The MsrA protein was found throughout the retina but not in the mitochondria
of photoreceptor cells, possibly leaving these cells susceptible to oxidative stress and
contributing to ARMD. As with epithelial cells, silencing of the MsrA message rendered RPE
cells more susceptible to tBHP-induced oxidative stress, further stressing the importance of
MsrA to the eye. Another group has also looked at the role of Msrs in H2O2-induced oxidative
stress in the retina. Sreekumar et al., (2005) demonstrated that in RPE cells exposed to varying
doses of H2O2 and found that gene expression of MsrA and MsrB2 increased in dose and time-
dependent manner. Silencing of the MsrA gene resulted in caspase 3 activation in RPE cells
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and decreased cell viability. This data is in agreement with Lee's and further points to an
important role for Msrs in prevention of lens and retinal disease.

The Proteasome
The proteasome is responsible for protein turnover and removal of irretrievably damaged
proteins; it deals with proteolysis of oxidized proteins in the cytosol and nucleus while the lon
protease, an ATP-stimulated mitochondrial matrix protein, is responsible for degradation of
such proteins in the mitochondrial matrix. There are three enzymatic activities associated with
the proteasome: postglutamyl peptide hydrolysing (PGPH), trypsin-like and chymotrypsin-like
cleavage. Proteasome activities have been shown to be decreased in lenses with nuclear
opacities possibly due to an accumulation of oxidized proteins that exceed the capacity of the
proteasome system (Zetterberg et al, 2003).

In lens cells Petersen et al. (2007) showed that H2O2 induced oxidative stress could inhibit all
three peptidases of the proteasome, in addition the oxidised form of GSH GSSG did the same
but reduced GSH stimulated chymotrypsin-like and peptidylglutamyl peptidase activities in
HLEC lysates. In the retina, proteasomal chymotrypsin-like activity was found to increase in
neurosensory retina with AMD progression, indicating a possible retinal response to local
inflammation or oxidative stress (Ethen et al., 2007). Lon protease expression and activity are
known to decline with age, this includes the proteasome DNA binding and molecular chaperone
activities that protect complex I assembly in the mitochondria (Ngo and Davies, 2007).

Age related changes in proteasome activities may contribute to the pathogenesis of diseases
involving abnormal accumulation of oxidized proteins including cataract and maculopathies.

Mitochondrial ROS Systems and Cataract
Cataract, the opacification of the crystalline lens, is one of the leading causes of blindness in
the world. Already over 50% of Americans over the age of 65 are affected and this is expected
to increase over the next 10 years as the population ages, in fact it is estimated that 30.1 million
Americans will have cataracts by 2020 (Center for Disease Control and Prevention, 2006).
Cataracts therefore present a significant health problem in the US and place a major burden on
the economy.

Aging is by far the greatest risk factor for non-congenital cataract formation (Truscott, 2005),
but other factors include smoking, steroid use, myopia, diet (Leske et al., 1991) and exposure
to sunlight (Taylor et al, 1988). Cataracts result from a change in lens cell protein or lens cell
structure which is essentially a breakdown of lens cell microarchitecture. The short range
packing of the crystallins, which make up over 90% of the soluble lens, is important for
maintenance of lens transparency. To achieve this crystallins must exist in a homogenous state.
The lens depends on redox balance to maintain transparency and considerable evidence points
to mitochondrial dysfunction and ROS imbalance in the etiology of age related cataract.

ROS induced damage in the lens cell may consist of oxidation of proteins, DNA damage and/
or lipid peroxidation, all of which have been implicated in cataractogensis. To remain
transparent, the centre of the lens must continuously maintain thiol groups in a nearly 100%
reduced state (Lou, 2003 and Truscott, 2005). Cataract is also characterized by an increase in
oxidized protein methionines with age (Truscott, 2005). Oxidation of α-crystallin is linked to
cataractogenesis, in particular oxidation of cysteine residues (Garner and Spector, 1980).
Aggregation of lens crystallin has been demonstrated by Simpanya et al. (2005) in guinea pigs
treated with hyperbaric oxygen (higher than atmospheric oxygen tension) three times weekly
for 7 months. In this study HPLC-isolated aggregates contained αA- but not αB-crystallin,
which is devoid of -SH groups and thus does not participate in disulfide cross-linking. The eye
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lens in particular contains high levels of reduced GSH which maintains protein thiol groups in
a reduced form. It is believed that formation of disulphide bonds leads to cross-linking and
protein aggregation, as previously mentioned aggregation of oxidized alpha crystallin is
thought to play a major role in cataractogenesis. In cataractous lenses, GSH has been shown
to be depleted by up to 60% (Spector, 1995). Depletion of GSH or a shift in the GSH/GSSG
ratio in favor of the oxidized form has been associated with cataract, Calvin et al., (1991)
showed rapid deterioration of lens fibers in mouse pups treated with a GSH biosynthesis
inhibitor.

Age-related accumulation of oxidized proteins, in some cases specific amino acids, reflects
age-related increases in rates of ROS generation, decreases in antioxidant activities and losses
in the capacity to degrade oxidized proteins (Stadtman, 2006). Methionine oxidation increases
with age in a number of aging models while aging is associated with loss of Msr activity in a
number of animal tissues (Stadtman et al., 2005). Garner and Spector (1980) found that 60%
or more methionines were oxidized in cataractous lenses. They also found that most cysteines
were in the disulphide from. Oxidation of methionines and cysteines appears to make a major
contribution to the development of cataract and this highlights the importance of the Msr
enzymes and the various reducing systems involved in a role in age-dependent cataract
formation.

Mitochondrial ROS Systems and Maculopathy
Maculopathies are a diverse group of blinding disorders characterized by loss of central vision
associated with retinal pigmented epithelium (RPE) atrophy with or without choroidal
neovascularization. Age related macular degeneration (AMD) accounts for 50% of all cases
of blindness in the United States of America and Western Europe (Resnikoff et al., 2004). This
degenerative disease progresses from waxy retinal deposits called drusen to neovascularization
and retinal hemorrhage, eventually resulting in a total loss of central vision The RPE layer of
cuboidal epithelial cells lies between the photoreceptor cells and Bruch's membrane, its chief
role is to serve the photoreceptor cells. The space in-between the RPE and photoreceptors is
filled with the interphotoreceptor matrix (IPM). The IPM is essential for the interaction between
RPE and photoreceptors to allow exchange of nutrients, signalling molecules and metabolic
end products. Bruch's membrane separates the RPE from the network of blood vessels called
the choroid, the choroid supplies oxygen and nutrients to the RPE and therefore the
photoreceptors. By exchanging nutrients and clearing out waste products the RPE serves as
housekeeper to the photoreceptor cells. Equally important roles for the RPE include re-
isomersiation of retinal to 11-cis retinol and phagocytosis of the shed outer segments of the
photoreceptor (Wimmers et al., 2007).

Drusen, a wax like substance, accumulates between the RPE and Bruch's membrane in both
normal aging and to a greater extent in AMD. Abnormal accumulation of drusen has also been
associated with other maculopathies and its composition has been analyzed by a number of
groups for clues to a common pathway. Epidemiological studies show that risk factors for
AMD include family history, aging and cigarette smoking (Rattner and Nathans, 2006). The
prevalence of AMD increases dramatically with age, and both photo-oxidation and
inflammation have been implicated in the pathogenic mechanism for AMD (Hejtmancik et al.,
2006), in addition the risk associated with cigarette smoking is thought to imply a role for
oxidative stress in AMD. Variants in the gene for complement factor H (CFH) and the genes
PLEKHA1/LOC387715/HTRA1, Factor B (BF) and complement component 2 (C2) have been
implicated as major risk or protective factors for the development of AMD (Montezuma et al.,
2007).
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The retina is metabolically a highly active area leading to generation of ROS as a byproduct
of a number of processes (Beatty et al., 2000). Oxygen consumption by the retina is much
greater than by any other tissue, leading to leakage from the electron transport chain of the
mitochondria as described above. The retina is subject to high levels of cumulative irradiation.
Photoreceptor outer segment membranes are rich in polyunsaturated fatty acids (PUFAs);
oxidation of PUFAs can initiate a cytotoxic chain-reaction (Beatty et al., 2000). RPE are the
most actively phagocytozing cells in the body. This process may lead to generation of ROS,
although some work suggests that the process is different to that of macrophages (Irschick, et
al., 2004). As the RPE ages, oxidation of lipids and other cellular components result in an
accumulation of indigestible material lipofuscin in the lysosomes, leading to their enlargement
and formation of lipofuscin granules. These closely parallel Drusen formation in time and
distribution in the retina (Hejtmancik et al., 2006). ARPE19 cells exposed to oxidized LDL
responded by altering transcription of genes related to lipid metabolism, oxidative stress,
inflammation and apoptosis (Yamada et al., 2008). In addition oxidative damage to mtDNA
in RPE cells has also been implicated in the mechanism for RPE aging and AMD (Liang and
Godley, 2003).

A number of monogenic diseases that cause early onset macular degeneration are also
important in this category. They include Sorsby's fundus dystrophy (SFD), malattia leventinese
(ML, also known as Doyne Honeycomb retinal dystrophy), autosomal dominant and recessive
Stargardt macular dystrophies and Best macular dystrophy. The genes and proteins involved
in these diseases are known but the exact mechanism for each disease remains elusive. Because
of the close phenotypic similarities with AMD each disease also provides an opportunity to
elucidate a common mechanism for macular degeneration. Similarities of the above diseases
with AMD include death of RPE cells, thickening of Bruch's membrane, accumulation of
drusen and progressive vision loss. SFD and ML diseases involve mutations in proteins that
are responsible for regulation of the extracellular matrix. In SFD point mutations, eight of
which have been identified, in the Timp-3 gene result in unpaired cysteines in the c-terminal
end of the expressed protein. ML arises from a single Arg345Trp mutation in Fibulin 3, also
an extracellular protein with a number of EGF-like repeats, leading to misfolding of the protein
(Timpl et al., 2003). SFD is characterized by thickening of Bruch's membrane, deposition of
lipofuscin like material, atrophy of the RPE and subretinal neovascularisation. A similar
phenotype is observed in ML with significant Drusen deposits between Bruch's membrane and
the RPE, both Timp-3 and Fibulin 3 have been identified in Drusen but neither makes up a
significant component (Crabb et al., 2002, Mamorstein et al., 2002). Since Timp-3 and Fibulin
3 are binding partners (Klenotic et al., 2004) an abnormal association of the two due to mutation
in either protein may underlie the cause of both diseases however little work has been carried
out in this area. Autosomal recessive Stargardt disease is caused by mutations in a
photoreceptor specific ABC transporter (ABCR or ABC4) while dominant Stargardt-like
disease is caused by mutations in the enzyme for long-chain fatty acid synthesis (ELOVL4).
Best macular dystrophy is autosomal disorder, that arises from mutations in the gene VMD2
which codes for bestrophin a transmembrane protein that appears to be part of a novel family
of chloride channels (Sun et al., 2002). Common to all macular degenerative diseases is the
accumulation of drusen or lipofuscin type material that may underlie the pathogenesis of the
disorders by somehow creating a barrier that prevents flow of nutrients between and choroid
and the photoreceptor cells. It is still unclear however how the varied mutations in inherited
macular degenerations lead to drusen accumulation and ultimately loss of vision.

Summary
In summary oxidation and reduction reactions clearly play a significant role in pathogenesis
of eye disease. Multiple mitochondrial antioxidant and repair systems work in concert to
maintain transparency in the lens and retinal function. It is clear that oxidation and cross-linking
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of proteins has a significant role to play in the pathogenesis of cataracts, AMD and some of
the monogenic maculopathies. Aging of the eye is characterized by increased ROS, decreased
antioxidant capability and loss of the ability to degrade or remove oxidized proteins. An
accumulation of oxidized protein aggregates leads to loss of cell function, apoptosis and
necrosis. Further studies characterizing those mitochondrial and other cellular systems that
prevent or repair oxidative stress damage are likely to provide insight into the etiology of these
diseases and the development of therapies to treat them.
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Figure 1.
Overview of the systems involved in mitochondrial ROS production and protection. The
process begins with leakage of superoxide (O2-) from complexes I and III of the electron
transport chain. All other process depicted function to reduce or repair the damaging potential
of this and other subsequently formed oxygen radicals. UQ – Ubiquinone, NO - nitric oxide,
OONO- - Peroxynitrite, TCA cycle – Tricarboxylic acid cycle, Prx – Peroxiredoxin, TRX(2)
– Thioredoxin, TRXR2 – Thioredoxin 2 reductase, mtDNA – mitochondrial DNA, H2O2 –
hydrogen peroxide, GRX2 – glutaredoxin, MetSO – methionine sulfoxide, Met – methionine,
GPx – glutathione peroxidase, MnSOD – Manganese superoxide dismutase, CuZnSOD –
Copper Zinc superoxide dismutase, GSH – Glutathione, GSSG – oxidized glutathione, OH –
Hydroxyl radical, Fe2+ - Iron, Protein S-S – protein disulphide bonds, Protein S-H – repaired
thiol groups, Cyt C – cytochrome c, VDAC – voltage dependent anion channel, APAF1 –
apoptotic peptidase activating factor 1, Bax and Bak – pro apoptotic factors.
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Table 1.0
Summary of Systems Discussed

Mitochondrial system Disease Association References

Reducing Systems

GSH Cataract Depletion Spector, 1995; Bova et al., 2001

Calvin et al., 1991

Glutathione peroxidase Cataract Decreased activity Ganea and Harding, 2006

Glutathione reductase Cataract Decreased activity Ganea and Harding, 2006

Methionine residues Cataract Oxidation Garner and Spector, 1980

Cysteine residues Cataract Oxidation Garner and Spector, 1980

Antioxidant Systems

Vitamin C Cataract and AMD Supplementation? McNeill et al., 2004

Vitamin E Cataract and AMD Supplementation? Trumbo and Ellwood, 2006

Carotenoids Cataract and AMD Supplementation? Gale et al., 2003

Chong et al., 2007

MnSOD (SOD2) Cataract Overexpression Matsui et al., 2003

Depletion Unlu and Koc, 2007; Reddy et al.,
2004

CuZnSOD (SOD1) AMD Overexpression Kasahara et, 2005

Cataract Overexpression Lin et al., 2005

AMD Depletion Imamura et al., 2006

Peroxiredoxin Cataract Lee et al., 2007

Catalase Cataract Overexpression Schriner et al, 2005

Chaperones

Alpha A crystallin Cataract Knockouts Brady et al, 1997

Alpha B Crystallin Cataract and AMD Knockouts Yaung et al., 2007

Repair and Degradation

Thioltransferase (glutaredoxin 2) Cataract Overexpression Fernando et al., 2006; Xing and
Lou, 2003

MsrA Cataract Overexpression Kantorow et al., 2004

Depletion Marchetti et al., 2006

AMD Depletion Lee et al., 2006

Sreekumar et al 2005

MsrB Cataract Depletion Marchetti et al., 2005

Metallothionein Cataract Overexpression Hawse et al., 2006

Proteasome Cataract Decreased activity Zetterberg et al., 2003
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Mitochondrial system Disease Association References

Cataract Oxidation associated
with progression

Petersen et al., 2007

AMD Ethen et al., 2007
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