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 Editorial 

avoidable event of normal eye function. Also, the ocular 
surface is exposed to the ambient environment of which 
oxygen levels fluctuate with each blink and polluted air. 
Thus, the ROS theory is also a very important consider-
ation.

  In this issue focusing on the antiaging approach for 
eye disorders, there are reviews based on the CR theory 
and the oxidative stress theory. The first review by Tsub-
ota et al. for dry eye care is based on the two aforemen-
tioned theories. The CR-theory-based reviews in this is-
sue point out the importance of mitochondria (paper by 
Jarrett et al.) and sirtuins (article by Ozawa and Kubota). 
These issues provide new challenges and are expected to 
open a very important field in the near future. The oxi-
dative-stress-theory-based reviews comprise evidence 
from epidemiological studies (by Fletcher), the impor-
tance of nutrition (by Agte and Tarwadi), prevention of 
age-related cataracts (by Beebe et al.) and glaucoma (by 
Chrysostomou et al.). These reviews offer new and com-
prehensive information; thus, the readers can obtain a 
clear picture on how the oxidative control is important 
for the prevention and treatment of eye diseases from the 
point of view of aging.

  Antiaging research has recently come of age. The prac-
tical approach using the fundamentals of aging research 
is not used clinically yet; however, ROS control, such as 
supplementation based on the Age-Related Eye Disease 
Study, is the beginning of the application of ROS control 
for the age-related disorders. A proper diet, including CR 
or antioxidant food factors, antioxidant supplements and 
exercise may become important interventions for the age-
related eye disorders. Future developments may include 
drug intervention in addition to supplements based on 
the antiaging approach.

   Kazuo Tsubota,  Tokyo
 

       The life span in developed countries has been increasing 
for the last 20 years, and surprisingly this trend is likely 
to continue its steady increase over the upcoming decades 
too. The impact of this trend is that the population 
consists of more elderly people. Since elderly people show 
a tendency towards age-related eye disorders, modern 
societies are transferring this major challenge to the 
ophthalmic community. The major blinding diseases 
such as cataracts, glaucoma, diabetic retinopathy and age-
related macular degeneration are most affected by aging. 
Even the genetic disorders, such as retinitis pigmentosa, 
can be considered ‘premature aging of the retina’ and are 
affected by aging. Not only the blinding diseases, but also 
other major diseases such as dry eye or presbyopia, which 
dramatically affect quality of vision, are affected by aging. 
Thus, in the aging societies of developed countries, aging 
is a very important factor in ophthalmology.

  Recent advances in the understanding of aging have 
given us a new way of thinking about the intervention in 
the aging process. The advances in aging research may be 
able to provide the chance to interfere with the aging pro-
cess itself, including that of the eye. One hard evidence 
comes from calorie restriction (CR) intervention. CR ex-
tends the life span in many species. Fortunately CR can 
also suppress the incidence of age-related diseases such as 
cancer, diabetes and cardiovascular events, and possibly 
age-related eye disorders. 

  In addition to the CR theory, the oxidative stress the-
ory is another important hypothesis that is believed to be 
involved in aging. According to this theory, we can man-
age the aging process by controlling reactive oxygen spe-
cies (ROS). Since the main function of the eye is ‘seeing’ 
which is mediated by photoprocessing of the retinal cells, 
light exposure, especially blue to ultraviolet light, can in-
duce ROS. The production of ROS in the retina is an un-
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 The Era of Antiaging Ophthalmology 
Comes of Age: Antiaging Approach for 
Dry Eye Treatment 

 Kazuo Tsubota    a     Motoko Kawashima    a     Takaaki Inaba    a     Murat Dogru    a     
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 Introduction 

 There has been a rapid increase in dry eye patients 
around the world. The reason has yet to be elucidated, 
but the spread of visual display terminal use, longer 
working hours, shortened sleeping time, increase in 
stress level, environmental factors and increased life 
span are considered to be at least part of the reason for 
the increase in dry eye patients. Even high school stu-
dents have shown a high incidence of dry eye syndrome 
although the incidence in older people is far higher  [1–3] . 
Among visual display terminal workers in Japan, the in-
cidence of dry eye is almost 22% in women and over 10% 
in men, (1) which means there are potentially more than 
24 million dry eye patients in Japan. Among them, aging 
is one of the most important factors for the pathogenesis 
of dry eye. It is well known that dry eye occurs less often 
in children and that people lose tear function with age 
 [4] . We have recently reported that 73% of the elderly 
population exhibit dry eye syndrome, which was far 
more than expected  [3] . In ophthalmology, there are 
many age-related diseases such as cataract, macular de-
generation, glaucoma, pterygium, conjunctival chalasis, 

 Key Words 
 Aging  �  Dry eye  �  Calorie restriction  �  Reactive oxygen 
species 

 Abstract 
 Recent advances in the understanding of aging have paved 
a new way of thinking about intervening with the aging pro-
cess. There is a global agreement in the scientific commu-
nity that calorie restriction (CR) can actually extend the life 
span of various kinds of animals so that this has become a 
real intervention in aging. In addition to the CR theory, the 
free radical theory is another important hypothesis, which is 
believed to be involved in aging. According to this theory, 
we can manage the aging process by controlling calories or 
reactive oxygen species. In this paper, these two important 
aging theories, CR and free radical aging, are reviewed, and 
it is discussed how to apply these theories to the prevention 
and treatment of eye diseases. Finally, we share the prelimi-
nary results of our animal study on dry eye, and I report my 
personal experience as a dry eye patient, which has been al-
leviated by the  antiaging approach . 

 Copyright © 2010 S. Karger AG, Basel 
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diabetic retinopathy, retinal vein occlusion and senile 
ptosis in addition to dry eye, which counts for more than 
80% of all the eye diseases. Thus, aging is an important 
risk factor for eye diseases.

  Recent advances in the understanding of aging have 
provided a new way of thinking about intervention in the 
aging process. It had been considered that the aging pro-
cess was so complex that we could not intervene until the 
total view of aging could be understood. However, there 
is a global agreement in the scientific community that 
calorie restriction (CR) can extend the life span in various 
kinds of animals so that this has become a true interven-
tion in the aging process  [5, 6] . The important point about 
CR is that it also suppresses the incidence of age-related 
diseases such as cancer, diabetes and/or cardiovascular 
events. According to the CR theory, we can postpone age-

related diseases or even treat age-related diseases by total 
CR or mimetics of CR  [5] . This is a remarkable advance-
ment in aging science in that we declare that we can in-
terfere with aging with antiaging strategies today. In ad-
dition to the CR theory, the free radical theory is another 
important hypothesis which is believed to be involved in 
aging  [7] . According to this theory, we can manage the 
aging process by controlling reactive oxygen species 
(ROS).

  In this paper, we would like to review these two im-
portant aging theories, CR and free radical aging, and 
to discuss how to apply these theories for the prevention 
and treatment of eye diseases. Finally, we share the pre-
liminary results of our animal study in dry eye and I 
(K.T.) report my personal experience as a dry eye pa-
tient.

CR

IGF/insulin signaling f Sirtuins F

Upregulation of longevity gene group

Longevity

Sirtuins F

Antiaging

CR Exercise

Resveratrol
Quercetin

Butein NAD F

  Fig. 1.  CR decreases the insulin-like growth factor (IGF)/insulin 
signaling and increases sirtuin activity, resulting in various kinds 
of gene upregulation associated with longevity. 

  Fig. 2.  The effects of sirtuin on the various longevity-related as-
pects. 
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  CR Theory 

 The average and maximum life span of many spe-
cies – from yeast and nematodes to rodents and mon-
keys – can be increased by up to 50% by reducing calorie 
intake compared with  ad libitum  food intake  [5] . As re-
ported by microarray analysis, CR affects the gene ex-
pression patterns during aging and provides for a health-
ier life  [8] . Some molecular mechanisms of the effect of 
CR are becoming clear such as the suppression of insulin-
like growth factor/insulin signaling or activation of sir-
tuin molecules ( fig. 1 )  [9, 10] .

  CR also reduces the incidence of age-related diseases 
such as cancer, cardiovascular disease and immune dys-
function  [11–13] . As a consequence, the physiological 
changes caused by CR contribute towards a better health 
condition and provide greater longevity  [13] . Since the CR 
lifestyle is difficult to follow in daily life, vigorous efforts 
are being undertaken to seek an alternative of CR by pro-
ducing the same molecular effect in the body  [14–16] , by 
CR mimetics. Possible CR mimetic products include var-
ious kinds of polyphenols such as resveratrol, quercetin 
and butein  [14] . Resveratrol upregulates the activity and 
transcription of sirtuins, thus providing the beneficial ef-
fect. Consequently activation of sirtuins interacts with 
various transcriptional molecules ( fig. 2 ), resulting in the 
expression and maintenance of the antiaging effect  [17, 
18] . Thus, many pharmaceutical companies are now 
searching for better molecules of CR mimetics for the 
prevention and treatment of diseases.

  In humans, it is clear that chronic high calorie intake 
over time is a risk factor in various age-related diseases as 
observed in metabolic syndrome  [19] . It is not yet clear 
whether age-related eye diseases are also prevented by 
CR, but this seems highly possible and could be a great 
intervention in important blinding diseases  [20–22] . Ac-
cording to the CR theory, aging and age-related diseases 
can be controlled by the simple concept of CR.

  Free Radical Theory 

 The free radical aging hypothesis was first proposed 
by Harman  [7]  in 1956 and has been considered to be the 
major mechanism of aging ( fig. 3 ). The free radical theo-
ry or ROS, used almost interchangeably, attack the im-
portant cell molecules of proteins, lipids and DNA. ROS 
are generated in the mitochondria, cytoplasm and extra-
cellular components. The overproduction of ROS in the 
mitochondria shortens the nematode life span  [23] . In 
contrast, overexpression of superoxide dismutase (SOD) 
and catalase, which are antioxidant enzymes, can in-
crease the life span of  Drosophila  or the mouse  [24, 25] . 
Among them, ROS generated by the mitochondria are 
considered to be the major type, but the photoinduced 
ROS are not negligible. In dermatology, the aging of the 
skin is considered to be caused mainly by light, called 
photoaging. In photoaging, ROS are the major players. 
Since light and ultraviolet light exposures are the impor-
tant risk factors for cataract as well as age-related macular 

ROS

Inflammation

Aging
(tissue damage)

  Fig. 3.  ROS induce many changes in lipids, proteins and DNA, 
resulting in aging, as well as produce inflammation which con-
tributes to the aging process. 
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degeneration (AMD), photoaging might be an important 
mechanism in the ocular aging process. According to the 
free radical theory, the control of ROS can slow the aging 
process as well as suppress the age-related diseases.

  CR and Eye Diseases 

 Several research studies on the effects of CR on eye 
disease processes have been carried out  [13, 20] . Most of 
the data support the beneficial effect of CR on the pathol-
ogy of the eye diseases. Although the concept of CR has 
not been applied widely to the prevention or treatment of 
eye diseases, we believe it has potential. Thus, we have 
preliminarily applied CR in the treatment of dry eye in a 
rat aging model. When rats age, tear volume measured by 
cotton thread decreases. However, when CR was applied 

to those aging rats by reducing the total caloric intake to 
70% over 6 months, the decreased volume of tears was 
maintained to some extent [26]. 

  The molecular mechanism is still unknown but this 
observation shed new light on the recovery of lacrimal 
gland dysfunction due to aging. We are now continuing 
this research using various animal models such as the ag-
ing mouse model. The high-fat diet model is being stud-
ied to seek the molecular changes in the lacrimal gland 
both in aging and CR-treated conditions. 

  Another approach is the use of resveratrol for the 
treatment of eye diseases. We performed a preliminary 
study on the effect of resveratrol in a lipopolysaccharide-
induced uveitis model and diabetes model. Our data con-
firmed that resveratrol could increase the sirtuin activity 
in the eye ( fig. 4 ) and suppress the inflammation in the 
retina  [27] .
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  Fig. 4.  Activation of sirtuin (SIRT1) by resveratrol in the choroid. 
Retinal pigment epithelium (RPE)-choroidal SIRT1 activities 
were significantly (p  !  0.01) lower in vehicle-treated endotoxin-
induced uveitis (EIU) mice than in vehicle-treated controls. Sys-
temic administration of resveratrol (50 mg/kg body weight) to 
endotoxin-induced uveitis animals led to a significant (p  !  0.05) 
increase in SIRT1 activity in the retinal pigment epithelium-cho-
roid. n = 11–12.  *  *  p  !  0.01,  *  p  !  0.05. From Kubota et al.  [27] . 
Reprinted with permission. Copyright Association for Research 
in Vision and Ophthalmology. 

  Fig. 5.  Increase in lead obtained from hair in normal-tension glau-
coma patients. The relation between lead accumulation in groups 
with high  and low intraocular pressure (IOP), and control group 
2. Note the significantly higher level of lead accumulation in the 
low-IOP group in female subjects compared to the control group 
in female subjects (p = 0.02); ppb = part per billion. From Yuki et 
al.                [33] . Reprinted with permission from Human Press. 
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  Adhesion of the leukocyte to the vessels was also 
downregulated by resveratrol. Now we are applying res-
veratrol for the management of a dry eye animal model 
to assess whether it can suppress the inflammation of the 
lacrimal gland as well as the ocular surface. Since inflam-
mation is considered to be a major contributing factor to 
the pathogenesis of dry eye, this can be a new approach 
for the control of dry eye in addition to cyclosporine A or 
other anti-inflammatory agents.

  Oxidative Stress and Eye Disease 

 Oxidative stress and eye diseases have been well de-
scribed in the literature. Especially for AMD, the large 
double-blind prospective Age-Related Eye Disease Study 
(AREDS) showed the efficacy of antioxidant supplemen-
tation to suppress the progression of AMD  [28, 29] , and 
AMD is now considered to be an oxidative stress as well 
as inflammatory disease. Smoking, increased body mass 
index, sun exposure, and accumulation of iron, lead or 
cadmium are the potential risk factors, suggesting also 
oxidative stress involvement for the pathogenesis of AMD 
 [30–32] . Toxic heavy metals are considered to be impor-
tant for the excess generation of free radicals, and a rela-
tion with the other age-related eye diseases has been 
found, such as increased lead levels in glaucoma patients 
 [33]  ( fig. 5 ).

  In the AREDS2 study, in addition to vitamin A, C, E 
and zinc and copper, lutein and zeaxanthin, eicosapen-
taenoic acid/docosahexaenoic acid (EPA/DHA) were the 

major components of the supplements  [34] . Those factors 
are also expected to be working as antioxidants and anti-
inflammatory components, but the research on the 
mechanism of these food factors is scarce. We have previ-
ously reported that these molecules are actually provid-
ing antioxidant and anti-inflammatory components  [35, 
36] .

  For the dry eye model, we first confirmed the acceler-
ated oxidation of protein, fat and DNA of the ocular sur-
face in the rat swing model ( fig. 6 )  [37, 38] . The suppres-
sion of the blink itself can expose the ocular surface to 
the ambient oxygen and induce the direct oxidation of 
the cellular components. Then we checked whether in-
creased free radicals could induce dry eye in the SOD1 
knockout (KO) mouse. SOD is an important key enzyme 
for the control of O 2  – , and an increase in oxidative stress 
in the retina has been reported in SOD1 KO mice, induc-

Table 1.  Improvement of systemic parameters from 2001 to 2010

Parameters 2001 2006 2010

Chronological age, years 45 50 54
Biological age, years 37 33 34
Body fat, % 15.8 12.8 10.9
HbA1c, % 6.1 4.7 5.1
Mercury, ppm 15.1 13.0 4.8

D ata courtesy of Frontier Medical Institute, Denver, Colo., 
USA.
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ing retinal aging. SOD1 KO mice clearly showed a de-
crease in tear volume, in addition to the compromised 
ocular surface. It is speculated that oxidative stress is not 
only involved in the deterioration of ocular surface cells, 
but also the dysfunction of the lacrimal gland. We are 
currently working on the various oxidative stress models 
to confirm the relationship between the ROS and dry 
eye.

  In the clinical setting, we have shown that tobacco 
smoking can induce ROS in the ocular surface by initi-
ating inflammation, resulting in dry eyes  [39–41] . Since 
tobacco smoking is considered to be the risk factor for 
dry eye, it may be due to the oxidative stress. It is re-
ported that the consumption of EPA/DHA is related to 
the incidence of dry eye  [42] , and administration of EPA 
might be helpful for the treatment of dry eyes. Lactofer-

rin is an important component in tears, which has an 
antioxidant effect. Our preliminary data supported that 
oral lactoferrin intake may increase the tear volume and 
ameliorate the symptoms of dry eye  [43] . Other impor-
tant molecules in tear fluid such as prealbumin, seleno-
proteins and other proteins might also be important to 
control the oxidative stress over the ocular surface  [44–
47] .

  Personal Experience 

 Although clinical research should be based on the sci-
entific evidence such as prospective randomized interven-
tion studies, personal experience may give rise to the open-
ing of a new field of therapy  [48] . Since the detection of dry 
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eye during my cornea fellowship at Massachusetts Eye and 
Ear Infirmary in 1985, I have been suffering from severe 
dry eyes. When I volunteered for the Schirmer test as a 
normal volunteer at that time, my Schirmer test result was 
0 mm in both eyes which was confirmed many times dur-
ing the following year before and after I came back to Ja-
pan. Later I found that my basic tearing was 0 mm al-
though my reflex tearing was somehow maintained. When 
I was diagnosed as having dry eye in 1985, I was suffering 
from eye discomfort but I thought it was due to the overuse 
of my eyes, which could be alleviated by the proper appli-
cation of artificial eyedrops. This experience motivated me 
to establish the Dry Eye Society  [49]  in Japan and initiate 
dry eye research and education after my corneal fellow-
ship. I have developed moisture aid glasses, autologous se-
rum treatment and lipid application in order to decrease 
my dry eye condition  [50–52] ; however, my Schirmer test 
remained 0 mm in both eyes and the irritation continued.

  Since many dry eye patients cannot tolerate contact 
lens wear due to the ocular surface desiccation, I intro-
duced laser in situ keratomileusis (LASIK) for my pa-
tients in 1997, and to my surprise, I observed that many 
patients looked younger after LASIK, partially due to the 
wider palpebral fissure after LASIK  [53] . It was during 
this time that I developed my interest in aging research 
as well as antiaging medicine. With my colleagues, we 
established the Japanese Antiaging Society  [54]  in 2001, 
and at the same time began the application of antiaging 
medicine to myself. As I have reviewed in this article, the 
basic idea about antiaging medicine today is CR with op-
timal nutrition and free radical control. I follow the basic 
principles of antiaging medicine by practicing CR, taking 
supplements and exercising, leading to the improvement 
of my physical parameters ( table 1 ).

  To my great surprise and joy, I noticed that my dry eye 
symptoms were alleviated, there was great improvement 
for my chronic back pain and my memory improved. The 
Schirmer test showed great improvement, now more than 

30 mm in both eyes ( fig. 7 ). My use of eyedrops has de-
creased sharply from over 50 times per day to just once or 
twice per day now.

  Although I am still using moisture glasses during the 
winter in Japan and on long flights, I can avoid using 
them during the humid summer. Although the data from 
personal experience are limited to 1 subject, I am confi-
dent that dry eye can be treated in this way by applying 
the antiaging approach to daily practice. I hope this ap-
proach will eventually lead to the discovery of the mo-
lecular mechanism of the healing process of dry eye, lead-
ing to the development of fundamental treatment. I think 
we can say sometime in the near future that ‘dry eye is a 
curable disease’.

  Future Directions 

 The discovery of the mechanism of aging is now pro-
viding the evidence-based intervention to lifestyle, re-
sulting in antiaging. Antiaging medicine has been a 
dream for many years throughout human history, but it 
had been just a dream without proven scientific back-
ground. Now the time has come  [6, 55] . New insights into 
aging research have opened an interesting fundamental 
approach. Previously, aging diseases such as dry eye, 
presbyopia, back pain, diabetes and loss of hair were 
treated individually; however, these diseases are deeply 
affected by aging itself. Now the new idea of intervention 
in the aging process has been revealed  [56] . In this model, 
intervention in aging can delay or possibly treat the age-
related diseases. In my personal experience, many age-
related conditions were solved and now I am a happy pa-
tient ( fig. 8 )  [56] .

  Eye disorders such as dry eye can now be targeted by 
this approach. Basic as well as clinical research is under 
way to elucidate the mechanism. The future of antiaging 
medicine in ophthalmology is bright and promising. 
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 Cataracts are any opacification of the lens. Although 
congenital or juvenile cataracts may have serious visual 
consequences, early-onset cataracts contribute to a rela-
tively small percentage of visual disability. By contrast, 
age-related cataracts are responsible for nearly half of all 
blindness worldwide and half of all visual impairment in 
the USA  [1–3] . In the USA alone, surgery for age-related 
cataracts is the most expensive ocular surgical procedure, 
with expenditures exceeding USD 3 billion annually  [4] . 
Lens opacities may result from protein aggregation, pro-
tein phase separation, or disturbance of the regular align-
ment or packing of the fiber cells, all of which may lead 
to increased light scattering. Nuclear opacities sometimes 
also involve increased coloration, resulting in decreased 
light transmission. Although cataracts are often consid-
ered to be an unavoidable consequence of aging, recent 
studies of the risk factors associated with human cata-
racts identified interventions that may prevent cataracts 
or slow their progression.

  The Three Main Types of Age-Related Cataracts 

 Age-related lens opacities originate in 1 of 3 regions of 
the lens: the nucleus, cortex or the posterior pole, just be-
neath the posterior capsule, resulting in nuclear, cortical 
or posterior subcapsular cataracts (PSCs), respectively 

 Key Words 
 Oxidative damage  �  Age-related cataract 

 Abstract 
  Purpose:  Cataracts are often considered to be an unavoid-
able consequence of aging. Oxidative damage is a major 
cause or consequence of cortical and nuclear cataracts, the 
most common types of age-related cataracts.  Methods:  In 
this review, we consider the different risk factors, natural his-
tory and etiology of each of the 3 major types of age-related 
cataract, as well as the potential sources of oxidative injury 
to the lens and the mechanisms that protect against these 
insults. The evidence linking different oxidative stresses to 
the different types of cataracts is critically evaluated.  Re-

sults:  We conclude from this analysis that the evidence for a 
causal role of oxidation is strong for nuclear, but substan-
tially lower for cortical and posterior subcapsular cataracts. 
The preponderance of evidence suggests that exposure to 
increased levels of molecular oxygen accelerates the age-
related opacification of the lens nucleus, leading to nuclear 
cataract. Factors in the eye that maintain low oxygen partial 
pressure around the lens are, therefore, important in pro-
tecting the lens from nuclear cataract.  Conclusions:  Main-
taining or restoring the low oxygen partial pressure around 
that lens should decrease or prevent nuclear cataracts. 
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( fig.  1 ). The lens nucleus comprises approximately the 
central half of the lens and is composed of the fiber cells 
that were present at birth. Cortical opacities occur in ma-
ture (anucleate) fiber cells in the outer half of the lens, 
cells that were formed postnatally. PSCs form from fiber 

cells that fail to differentiate properly. Unlike normal fi-
ber cells, these cells do not elongate. Instead, they migrate 
or are carried along with elongating fiber cells and accu-
mulate at the posterior pole of the lens.

  The prevalence of the 3 main types of age-related cat-
aracts differs in different regions of the world and in dif-
ferent racial groups  [5] . However, in all areas and popula-
tions, PSCs are least common. In northern Japan and 
northern China, cortical cataracts are more prevalent, 
while nuclear cataracts predominate in more southern 
regions of these countries  [6] . Similarly, in most tropical 
areas, nuclear cataracts are most common. Whether 
these differences are related to differences in genetics, en-
vironment, diet or other factors is difficult to discern.

  The ‘Natural History’ and Etiology of Age-Related 
Cataracts 

 Nuclear cataracts are associated with increased light 
scattering resulting from the aggregation and insolubili-
zation of lens proteins and their increased association 
with membranes. The causes of increased aggregation are 
not fully understood, although increased protein oxida-
tion is likely to be involved. During ‘normal’ aging, the 
nucleus becomes increasingly stiff, and nuclear light scat-
tering and coloration increase. These changes are associ-
ated with increases in insoluble proteins and protein ag-
gregation in all or nearly all persons as they age. The dif-
ference between the aging lens nucleus and the increased 
opacification seen in nuclear cataracts is a matter of de-
gree. In nuclear cataracts the nucleus is substantially 
harder, more opaque and usually browner than in per-
sons of similar age who are thought of as ‘noncatarac-
tous’. Clinicians describe them as ‘nuclear sclerotic cata-
racts’ as an indication of the increased hardness of the 
cataractous nucleus.

  With increasing age, many types of modifications oc-
cur in the abundant crystallin proteins of the lens nucle-
us. These include protein truncation, cross-linking, de-
naturation, amino acid racemization, deamidation, gly-
cation and oxidation. The complexity of these changes 
has made it difficult to determine which might contribute 
to the age-related hardening and opacification of the nu-
cleus. In contrast to these age-related changes, substantial 
evidence, collected over more than 50 years, implicates 
oxidative damage in nuclear cataracts  [7] .

  Most of the events associated with the formation of 
cortical cataracts are different from those seen in nuclear 
cataracts. Opacification of the nucleus is not accompa-

a

b

c

  Fig. 1.  Diagrams illustrating the 3 main types of age-related cata-
racts.  a  Nuclear cataract. A cross-sectional view of the lens is on 
the left. It shows the location of a nuclear opacity in the central 
fiber cells. The pattern of fiber cells is illustrated on the right side 
of this diagram. The right-hand panel in  a  shows a view of the 
lens, as seen through the maximally dilated pupil. The dotted cir-
cle shows the approximate location of the pupil during maximal 
constriction. The cataract is in the center of the visual axis.  b  Cor-
tical cataract. An opacity in a cluster of cortical fiber cells is illus-
trated in cross-section on the left and as seen through the pupil 
on the right. Note that cortical opacities are not visually signifi-
cant until the opacity reaches the visual axis.  c  PSC. A cluster of 
cells has accumulated at the posterior pole of the lens. The opac-
ity is located in the visual axis, where it causes maximal degrada-
tion of visual acuity. 
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nied by detectable damage to the structure of nuclear fi-
ber cells. By contrast, cortical cataracts are associated 
with extensive disruption of cell structure and the whole-
sale precipitation of intracellular proteins. Nuclear cata-
racts occur uniformly throughout the center of the lens, 
while cortical cataracts initially involve small clusters of 
cortical fiber cells. Unlike nuclear opacification, damage 
to cortical fiber cells is not a necessary consequence of 
aging. Most individuals never have any evidence of corti-
cal cataracts, while everyone develops some degree of nu-
clear opacity with age. 

  The cellular disruption that occurs in cortical cata-
racts begins near the equator of the lens. Since cortical 
fiber cells extend from the posterior to the anterior of the 
lens, this means that opacification begins in the center of 
a group of fiber cells; the anterior and posterior ends of 
the same cells remain transparent. Morphological studies 
found evidence of physical damage early in cortical cata-
ract formation, involving the scission and fragmentation 
of the cortical fiber cells  [8, 9] . Cortical cataracts progress 
in severity by the involvement of increasing numbers of 
adjacent fiber cells and by the extension of the damage 
from the center of the cells to their anterior and posterior 
ends. Only when opacification involves the ends of the 
fiber cells, extending the opacity into the visual axis, does 
a cortical cataract impair vision. 

  The cellular changes that lead to the formation of PSCs 
have been the least studied of all types of cataracts. Ex-
amination of postmortem lenses identified streams of 
cells that appeared to be migrating from the equator to 
the posterior pole  [10–12] . Microscopic examination re-
vealed swollen cells with eosinophilic cytoplasm, sug-
gesting fiber cells that failed to elongate. During the pro-
gression of PSCs, increasing numbers of these swollen 
cells accumulate along the suture planes at the posterior 
of the lens. Because they lie in the optic axis, these disor-
dered clusters of cells degrade visual acuity. To our knowl-
edge, there have been no biochemical analyses of the con-
tents of human PSCs. Information about their etiology is 
limited to the risk factors associated with increased risk 
of developing these opacities. These are described in the 
following section.

  Different Risk Factors for Each Type of Age-Related 
Cataracts 

 Epidemiological studies in populations from around 
the world identified several factors associated with an in-
creased risk of age-related cataracts  [13] . Consistent with 

their distinct etiologies, the risk profiles for each type of 
age-related cataract are also different. Based on their dif-
ferent risk factors and pathogenesis, we think that it is 
appropriate to consider each type of age-related cataract 
as a different disease, although they all share two com-
mon features: increasing prevalence in older individuals 
and opacification. 

  Nuclear cataracts are widely associated with poorer 
diet, lower socioeconomic status, nonprofessional status 
and lower educational achievement  [2, 13] . The specific 
risk factors associated with these general socioeconomic 
categories have been difficult to discern. Clinical trials 
using vitamin supplementation to lower the risk of cata-
racts have been unsuccessful or had minimal impact, at 
least over the typical 5- to 10-year duration of these stud-
ies. Some supplements have potentially harmful systemic 
effects when used at high doses, and 1 recent study re-
ported an increased incidence of cataract surgery in sub-
jects taking vitamin C supplements (but not those taking 
multivitamin supplements or diets high in vitamin C) 
 [14] . Smoking is a consistent risk factor for nuclear cata-
racts. The risk of nuclear cataracts increases with the 
amount and duration of smoking, adding confidence to 
the existence of a causal relationship between smoking 
and nuclear opacities. Two studies from diverse ethnic 
groups identified larger lens size as a risk factor for nucle-
ar cataracts  [15, 16] . Longitudinal studies showed that 
having a larger lens conferred increased risk of develop-
ing nuclear opacities over a 5-year follow-up period  [17] . 
Epidemiological studies have also associated living in a 
region with increased ambient temperature with in-
creased lens hardening and risk of developing nuclear 
cataract  [6] . Although it may be difficult to establish 
whether higher ambient temperature is the variable re-
sponsible for the higher incidence of nuclear cataracts in 
these studies, recent laboratory investigations have sup-
ported this hypothesis  [18] . Finally, studies of twins and 
examination of familial associations have suggested that 
about one third of the risk of nuclear cataracts is heredi-
tary, although the genes involved have not been identified 
 [19, 20] . 

  High sunlight exposure has been consistently associ-
ated with an increased risk of cortical cataracts. The risk 
of cortical cataract attributable to sunlight is effectively 
eliminated by wearing a brimmed hat or plastic glasses, 
making sunlight exposure a preventable risk  [21] . In spite 
of the evidence supporting a role for sunlight in cortical 
cataracts, the contribution of higher sunlight exposure to 
the total cataract burden appears to be modest. In most 
studies, sunlight did not contribute significantly to the 
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risk of nuclear or posterior subcapsular opacities. Fur-
thermore, the increased risk of cortical cataract provided 
by the highest levels of sunlight exposure in a typical pop-
ulation is only about 10%  [22] . A more significant risk of 
developing cortical cataracts is typically associated with 
being female, of African heritage and having a family 
member with cortical cataracts  [23–28] . Twin studies and 
family associations suggest that 50–60% of the risk of de-
veloping cortical cataracts is hereditary. The first human 
mutations associated with age-related cortical cataracts 
were recently identified in  EPH2A , a gene encoding a 
transmembrane tyrosine kinase  [29, 30] . It has not been 
determined whether it is loss of the kinase activity or the 
potential adhesive function of the protein that underlies 
these opacities. As with nuclear cataracts, lens size was 
identified as a significant risk factor for cortical cataracts. 
However, unlike nuclear cataracts, the increased preva-
lence and incidence of cortical opacities were linked to 
having a smaller, not a larger lens  [15–17, 31] . Several 
studies have shown that diabetics also have an increased 
risk of developing cortical cataracts and PSCs, although 
diabetics with well-controlled blood sugar develop a sim-
ilar spectrum of age-related cataracts as nondiabetics  [32, 
33] .

  The major risk factors associated with PSCs are high 
myopia, diabetes and exposure to therapeutic doses of 
steroids and ionizing radiation. One study, performed in 
rats, suggested that high-dose steroids might alter the ex-
pression of cell adhesion proteins, like E- and N-cad-
herin, thereby interfering with fiber cell differentiation 
 [34] . Other than this experimental study, it remains un-
clear how these diverse factors lead to the defects in fiber 
cell differentiation that appear to underlie PSCs.

  Oxidative Damage and Age-Related Cataracts 

 Oxidative damage is a prominent feature of nuclear 
and cortical cataracts. However, it is important to deter-
mine whether oxidation is the cause or the result of cata-
ract formation.

  Substantial data suggest that, with increasing age, the 
lens nucleus becomes more susceptible to oxidation  [7] . 
The cytoplasm of all cells is in a ‘reducing environment’. 
That is, oxidation is inhibited and substances that are ca-
pable of being oxidized or reduced are in the reduced 
state. The tripeptide glutathione is one of the most impor-
tant reducing agents in the cytoplasm. Glutathione levels 
are extremely high in peripheral lens fiber cells, where 
glutathione is synthesized and reduced  [35] . Reduced glu-

tathione reaches the lens nucleus by diffusion from the 
surface cells through the abundant network of gap junc-
tions in the lateral membranes of the fiber cells  [36, 37] . 
With increasing age, a greater percentage of the glutathi-
one in the nucleus is found in the oxidized state, as gluta-
thione disulfide or glutathione-protein mixed disulfides. 
In nuclear cataracts, the proportion of glutathione that is 
oxidized increases further  [7, 35] . In spite of this, gluta-
thione levels in the outer cortex of the lens remain high 
in older lenses and in nuclear cataracts. Therefore, the 
increase in oxidized glutathione in the nucleus is direct 
evidence of local oxidation during aging and in nuclear 
cataracts. It also suggests that, with increasing age, the 
lens nucleus becomes less able to repair oxidative dam-
age.

  The factors that determine the extent of glutathione 
oxidation in the lens nucleus are not known with certain-
ty. However, as the lens ages, it grows larger and its cyto-
plasm stiffens  [38] . This means that the distance that re-
duced glutathione must diffuse to reach the nucleus in-
creases, while the rate of diffusion through the lens 
cytoplasm decreases. At the same time, the diffusion of 
oxidized glutathione from the nucleus back to the lens 
surface, where it can be reduced, is also impaired. These 
changes may be sufficient to explain the increased sus-
ceptibility of the nucleus to oxidative damage in older 
lenses.

  Cortical cataracts involve the disruption of fiber cell 
membranes, followed by disintegration of the cytoplas-
mic contents of the damaged fiber cells. Dissection of 
lenses with cortical cataracts releases a chalky precipitate 
from the cataractous areas. This is, presumably, the ag-
gregated remains of the cytoplasmic contents. It seems 
possible that oxidative damage weakens or stresses the 
fiber cells, leading to their disruption, or that oxidation is 
not involved in causing cortical cataracts, but only occurs 
following loss of membrane integrity. Disruption of the 
plasma membrane would allow glutathione and other an-
tioxidants to diffuse out of the fiber cells, resulting in the 
oxidation of the remaining cytoplasmic contents. For 
these reasons, it is difficult to decide whether cortical cat-
aracts are caused by oxidation or whether oxidation fol-
lows the cellular disruption that precedes opacification or 
some of both. Answers to this conundrum may come 
from closer examination of the types of oxidative stress 
that are associated with the formation of age-related cat-
aracts.
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  The Potential Causes of Oxidation in Cortical and 
Nuclear Cataracts 

 Of the risk factors identified for cortical cataracts, 
those that seem most likely to cause increased oxidative 
damage are high sunlight exposure and diabetes. It is less 
clear how risk factors like female sex, smaller lens size, 
African heritage or genetic factors might increase oxida-
tive damage to cortical fiber cells. 

  Absorption of UV light can generate free radicals, 
leading to increased oxidative damage  [39, 40] . However, 
there is an apparent conflict between the exposure of the 
eye to higher levels of UV radiation and the location of 
cortical cataracts. Cortical cataracts first appear at the 
lens equator, the region of the lens that is best protected 
from exposure to sunlight. This is especially true in bright 
light, when the pupil is maximally constricted. Similarly, 
the center of the lens receives the highest dose of UV ra-
diation, yet higher sunlight exposure is not associated 
with nuclear cataract formation in most studies. Finally, 
lenses with advanced age-related nuclear color do not 
show evidence of UV damage, as measured by the de-
struction of the tryptophan residues in proteins  [41] . 
These observations are difficult to reconcile with the con-
cept that UV light causes cortical cataracts by directly 
damaging cortical lens fiber cells. 

  We offer two potential explanations for this paradox. 
UV light may be absorbed by other eye tissues, the iris, 
for example, which might produce toxic substances that 
damage cortical fiber cells  [42] . This would be consistent 
with the increased risk of cataracts associated with dark 
iris color, seen in some studies  [43–45] . However, in 2 of 
these studies, dark iris color was associated with nuclear 
cataracts and PSCs, not cortical cataracts.

  A second possibility is that higher sunlight exposure 
increases the stiffness of the lens nucleus, and this in-
creased stiffness contributes to the formation of cortical 
cataracts. How might this happen? As the lens ages, the 
nucleus becomes much stiffer, but the cortex remains soft 
 [46] . Stiffening of the nucleus is a major contributor to 
presbyopia, the nearly universal inability of older indi-
viduals to focus on nearby objects  [38] . Attempted ac-
commodation by presbyopes would lead to shear forces at 
the boundary between the soft cortex and the stiff nucle-
us. If these forces damaged the membranes of cortical 
fiber cells, cortical cataracts might follow  [9, 47] . 

  The possibility that physical forces might underlie cor-
tical cataracts is consistent with other risk factors. Hav-
ing a smaller or thinner lens, a major risk factor for corti-
cal cataracts, might increase the force applied to the lens 

during accommodation, increasing the risk of cortical 
damage. Among the many effects of long-term exposure 
to high blood sugar in diabetes is increased protein glyca-
tion, which could increase the stiffness of the nucleus, 
weaken the cortical fiber cells or both. The mutations in 
 EPH2A  that are associated with human cortical cataracts 
could lead to decreased strength of adhesion between fi-
ber cells, increasing the risk of physical damage. Finally, 
‘mixed’ nuclear and cortical cataracts are common, even 
though the risk factors for each type tend to be distinct. 
However, since nuclear cataracts are associated with 
hardening the nucleus, having a nuclear opacity may have 
the secondary effect of increasing the risk of developing 
a cortical cataract.

  The mechanism by which diabetes damages the lens is 
complex and has been the subject of much debate. Per-
sons with uncontrolled diabetes often rapidly develop 
cataracts. These opacities are associated with osmotic 
damage to the superficial lens cortex that may also in-
volve oxidative damage  [48, 49] . However, uncontrolled 
diabetes greatly increases mortality, making cataracts the 
least of the worries for these patients. As stated above, pa-
tients with well-controlled diabetes present with a spec-
trum of cataracts that resemble those seen in the nondia-
betic population, albeit at a younger age than nondiabet-
ics  [32, 33] . This suggests that the lenses of well-controlled 
diabetics may be sensitized to the cataract formation, 
rather than diabetes being a primary cause of opacifica-
tion. 

  Is the Lens Subjected to Especially High Levels of 
Oxidative Stress? 

 It is often stated that the lens is subjected to oxidative 
stress throughout life. Whether this statement is accurate 
or not, the absence of protein turnover and the limited 
ability for repair assure that any damage to the mature 
fiber cells will accumulate over a lifetime. Potential sourc-
es of oxidative stress to the lens include UV light, oxi-
dants in the ocular fluids, endogenous oxidants produced 
in lens cells and smoke constituents. 

  As stated above, the connection between sunlight ex-
posure and cortical cataracts is likely to be indirect. The 
iris will block light from reaching more peripheral re-
gions of the lens and most of the shorter, more damaging 
wavelengths are filtered by the cornea  [50] . The absorp-
tion of the UV light that does reach the lens over a lifetime 
does not damage the tryptophan in lens crystallins, even 
in cataractous lenses, suggesting that the lens is reason-
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ably well protected from the direct effects of light. How-
ever, it has been suggested that the increase in UV-ab-
sorbing compounds in older lenses (‘UV filters’) may in-
creasingly sensitize the lens to UV exposure  [51] . Finally, 
the risk of cortical cataract that is attributable to sunlight 
exposure is quite small. One issue to bear in mind when 
weighing the epidemiological data: lifetime measures of 
light exposure have been based on the occupational and 
recreational exposure of adults. The influence of sunlight 
exposure in childhood has not been adequately quanti-
fied. 

  Potential damage to the lens from oxidants in the 
aqueous humor has been a controversial topic. Previous 
studies suggested that high levels of hydrogen peroxide 
are present in human aqueous humor  [52] . This led to 
many experiments in which lenses or lens cells were ex-
posed to hydrogen peroxide in vitro. However, the high 
levels of ascorbate in the aqueous humor interfere with 
the assay used in this initial study  [53] . In addition, aque-
ous humor produces hydrogen peroxide when exposed to 
air  [54] . Both considerations could lead to overestimation 
of the hydrogen peroxide levels in the aqueous. More re-
cent studies, which compared the total antioxidant po-
tential of aqueous humor from cataract and glaucoma pa-
tients, detected substantially higher antioxidant activity 
in the cataract patients  [55] . The cataract patients also 
had lower levels of enzymes that are induced by exposure 
to oxidative stress. This observation suggests that, at least 
in the cataract patients included in this study, aqueous 
humor is unlikely to be a source of oxidative stress in 
cataract. 

  Several lines of evidence have led to the suggestion that 
exposure to elevated levels of molecular oxygen can cause 
nuclear cataracts  [56–59] . However, under normal condi-
tions, the level of oxygen around the human lens is very 
low, protecting the lens from this potential source of 
damage  [58, 60] . The mechanisms that protect the lens 
from oxygen and the conditions under which the lens is 
exposed to higher levels of oxygen are discussed below. 

  Most cells produce endogenous oxidants as a byprod-
uct of normal metabolism. One potential oxidant is the 
superoxide anion that is generated in mitochondria dur-
ing oxidative phosphorylation. This potent reactive oxy-
gen species is converted in the mitochondrion to hydro-
gen peroxide by superoxide dismutase. The peroxide pro-
duced may be metabolized to water by catalase activity, 
although the disposition of hydrogen peroxide by cells 
has not been carefully examined. However, lenses pro-
duce most of their ATP by glycolysis rather than oxidative 
phosphorylation  [61] . The metabolically active cells of the 

lens also have very high levels of antioxidants, like gluta-
thione. Therefore, lenses are probably less exposed to and 
better protected from endogenous oxidants than most 
other cell types. 

  One potential source of oxidative stress that is proba-
bly important to the lens is smoke. Smoking is one of the 
most reliable risk factors for nuclear cataracts in epidemi-
ology studies throughout the world  [23, 45, 62, 63] . Expo-
sure to cooking smoke has also been linked to nuclear 
cataract  [64] . In spite of this, we do not know which com-
ponents of smoke are harmful to the lens, the mecha-
nisms by which these components cause cataracts or even 
whether they directly interact with components of the 
lens. Given the many harmful effects of smoking, better 
understanding of the mechanism by which smoke causes 
cataracts is probably not as important as increased sup-
port for programs to reduce smoking and exposure to 
cooking smoke. However, understanding how smoke 
contributes to cataracts could be important for under-
standing the etiology of cataract in general. 

  Oxidation and Nuclear Cataracts 

 Clinical and experimental studies strongly implicate 
increased exposure of the lens to oxygen as a major cause 
of age-related nuclear cataracts. Patients who were treat-
ed daily for more than 1 year with hyperbaric oxygen 
therapy first developed a myopic shift, then incipient or 
full-blown nuclear cataracts  [56] . A myopic shift is caused 
by an increase in the refractive power of the lens, presum-
ably due to increased hardening of the lens nucleus. It is 
commonly a precursor to the formation of age-related nu-
clear (sclerotic) cataracts. Several subsequent studies of 
patients undergoing hyperbaric oxygen therapy con-
firmed the occurrence of a myopic shift, even after rela-
tively short-term therapy  [65, 66] . Importantly, these re-
fractive changes regressed after the discontinuation of 
short-term therapy, suggesting that the increase in oxida-
tion caused by hyperbaric oxygen is initially reversible. 
Subsequent studies in experimental animals confirmed 
the effect of high oxygen exposure on nuclear opacifica-
tion and provided insight into some of the harmful effects 
of oxygen on the lens, including increased formation of 
protein-protein disulfide cross-links  [57, 67–70] . These 
studies provide a direct link between excessive oxygen 
exposure and nuclear cataract. 

  Additional support for oxygen exposure in the etiol-
ogy of nuclear cataracts came from studies of patients 
undergoing vitrectomy, the destruction and removal of 



 Preventing Age-Related Cataracts Ophthalmic Res 2010;44:155–165 161

the vitreous gel that is typically performed during retinal 
surgery. Many studies have documented very high rates 
of nuclear cataract formation (60–95%) within 2 years af-
ter vitrectomy surgery, and vitreoretinal surgeons coun-
sel their patients that they will probably require cataract 
surgery months to a few years after vitrectomy  [71–74] . As 
mentioned above, oxygen levels near the posterior of the 
human lens are very low in eyes with an intact vitreous 
gel (approx. 1% O 2 ). Oxygen levels near the lens increased 
markedly during vitrectomy and remained significantly 
elevated for months afterward  [58] . Patients with isch-
emic diabetic retinopathy had significantly lower oxygen 
in their vitreous and were less likely than nondiabetics to 
have cataract surgery after vitrectomy  [75, 76] . Our group 
recently completed an analysis of lens opacification fol-
lowing vitrectomy, using Scheimpflug photography to 
document the progression of nuclear opacification 
[Holekamp et al., Am J Ophthalmol, in press]. We found 
that the lenses of patients with ischemic diabetic retinop-
athy had lower age-adjusted nuclear opacity at baseline 
than those of nondiabetics and did not show a significant 
increase in nuclear opacification after a 1-year follow-up. 
By contrast, diabetics without ischemic retinopathy and 
nondiabetics showed rapid progression of nuclear opacity 
6 and 12 months after vitrectomy. By 1 year after vitrec-
tomy, 50% of the nonischemic patients had cataract sur-
gery. These data are consistent with the hypothesis that 
vitrectomy leads to cataract formation by increasing the 
exposure of the lens to oxygen.

  If exposure of the lens to increased oxygen can cause 
nuclear cataracts, it is important to understand how the 
low-oxygen environment around the lens is maintained 
in eyes that do not undergo vitrectomy. Substantial data 
suggest that the intact vitreous body protects against nu-
clear cataract and is essential to maintain the low-oxygen 
environment at the posterior surface of the lens. It is 
widely appreciated that the vitreous gel undergoes grad-
ual collapse with age (‘vitreous syneresis’). This process 
begins with the formation of fluid-filled lacunae near the 
center of the vitreous gel, which progressively coalesce. 
The collagen fibrils of the vitreous aggregate around the 
edges of these liquid-filled areas. Eventually, the collapse 
of the gel and the aggregation of the collagen fibrils create 
traction on the retina, often leading to the full or partial 
separation of the remaining vitreous from the retina 
(posterior vitreous detachment). Although the vitreous 
liquefies to some degree in all individuals, the extent of 
loss of gel vitreous can vary greatly between subjects of 
the same age. Postmortem studies showed that the vitre-
ous of subjects over 50 years ranged from a nearly intact 

gel to one that was completely or extensively liquefied  [77, 
78] .

  Eyes with more liquefied vitreous are more likely to 
have nuclear opacities  [78] . In subjects between 50 and 70 
years old, the state of the vitreous was a better predictor 
of nuclear opacity than was age. Based on these data, we 
concluded that the intact gel vitreous preserved the low-
oxygen environment around the lens by preventing mix-
ing of the vitreous fluid ( fig. 2 a). In this view, oxygen dif-
fuses into the vitreous gel from the larger retinal vessels. 
Microelectrode studies in animals showed that most of 
this oxygen is consumed by the nearby retina  [79] . The 
consumption of oxygen by the retina maintains an oxy-
gen gradient in the gel near the surface of the retina. 
However, if the gel is removed, any movements of the 
head or eye would result in the movement of the vitreous 
fluid, carrying oxygen away from the retina, mixing it 
with the vitreous and delivering it to the lens. In this way, 
the vitreous gel does not inhibit the diffusion of oxygen, 
but prevents its rapid distribution by fluid mixing ( fig. 2 b).

  In addition to the protection afforded by this physical 
mechanism, we recently reported that the vitreous con-
sumes oxygen  [80] . Actually, it is the ascorbic acid (vita-
min C) in the vitreous that reacts with oxygen, decreasing 
the amount of oxygen that reaches the lens. In this reac-
tion, the ascorbate is oxidized to dehydroascorbate, which 
then spontaneously hydrolyzes, preventing the regenera-
tion of ascorbate by cellular metabolism. The vitreous 
fluid of subjects with advanced vitreous liquefaction or 
previous vitrectomy had lower ascorbate and consumed 
oxygen more slowly than the vitreous of patients with an 
intact vitreous gel. The reason for the lower ascorbate and 
decreased oxygen consumption in eyes with no vitreous 
or mostly liquid vitreous is likely to be due to the in-
creased mixing of the vitreous, which exposes more of the 
ascorbate to oxygen, thereby lowering ascorbate levels. 
Thus, the gel state of the vitreous is important to prevent 
the circulation of oxygen throughout the vitreous cham-
ber and to maintain high levels of ascorbate.  

 The importance of the vitreous in protecting the lens 
from oxygen and from nuclear cataract was highlighted 
by studies in which the vitreous gel was intentionally pre-
served or destroyed. Surgery to remove preretinal mem-
branes typically involves vitrectomy, which is soon fol-
lowed by nuclear cataract. However, patients who had a 
variation of the usual procedure, which did not destroy 
the vitreous gel, did not develop nuclear cataracts, even 
after a 5-year follow-up  [81] . These studies were impor-
tant because they showed that nuclear cataract could be 
prevented, even in patients who had surgery to repair a 
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retinal problem, by simply preserving the structure of the 
vitreous. Unfortunately, patients who had this modified 
procedure were more likely to have recurrence of the pre-
retinal fibrous membranes, obviating the lens-sparing 
nature of the modified surgery. Recent studies in animals 
showed that liquefying the vitreous or creating an en-
zyme-induced detachment of the vitreous from the retina 
increased the level of oxygen in the vitreous and resulted 
in higher levels of oxygen reaching the lens nucleus  [82, 
83] . These studies demonstrate that the gel state of the 
vitreous protects the lens from oxygen and from nuclear 
cataract. The liquefaction of the vitreous, which occurs 
to a varying extent with age, might be considered to be a 
slow form of vitrectomy. Loss of the gel state of the vitre-
ous is likely to increase the exposure of the lens to oxygen 
and place patients at increased risk for nuclear cataract. 

  Preventing Nuclear Cataract 

 The information described above suggests that the gel 
vitreous decreases the risk of nuclear cataract by protect-
ing the lens from oxygen diffusing from the retinal vas-
culature. If this is correct, one might prevent nuclear cat-
aracts by preserving the gel state of the vitreous, by re-
placing the vitreous gel after it is destroyed or degenerates, 
or by using another method to maintain a low level of 
oxygen around the lens. 

  One problem with preserving the gel state of the vitre-
ous is that we have little information about why the vitre-
ous liquefies with age and at a much earlier age in some 
individuals than in others. Without knowing the cause(s) 
of vitreous liquefaction, it is difficult to design interven-
tions to preserve the vitreous gel. 

  Age-related changes have been detected in the fibrillar 
collagen network of the vitreous gel. Paul Bishop’s labora-
tory showed that collagen IX, which coats the outer sur-
face of the vitreous collagen fibrils, was lost at an expo-
nentially increasing rate from human vitreous, with a 
half-life of 11 years  [84] . Collagen IX has proteoglycan 
side chains that extend from the surface of the vitreous 
fibrils and may prevent the collapse of the collagen net-
work. Concurrently, more of the core collagen II in the 
vitreous fibrils could be recognized by antibody binding. 
These data suggest that, with increasing age, the loss of 
collagen IX will lead to an increasing tendency of the fi-
brils of the vitreous gel to aggregate, eventually promot-
ing the collapse of the gel. However, these changes oc-
curred on a similar time scale in all samples, yet vitreous 
liquefaction occurs at quite different rates in different in-

a

b

  Fig. 2.  Diagrams illustrating the distribution of oxygen in the nor-
mal eye and following vitrectomy or advanced vitreous degenera-
tion.  a  An eye with an intact vitreous gel. Oxygen diffuses into the 
vitreous gel from the large retinal vessels. The curved arrows 
show that much of this oxygen is subsequently consumed by the 
adjacent retina. The result is a ‘standing gradient’ of oxygen near 
the retina and relatively low oxygen in the midvitreous and near 
the lens. The lowest oxygen partial pressure is in the midvitreous, 
due to the consumption of oxygen by the high concentration of 
ascorbic acid in the intact vitreous.  b  An eye with advanced vitre-
ous degeneration (posterior vitreous detachment) or after vitrec-
tomy. The posterior of the globe is filled with liquid, instead of gel. 
This fluid circulates when the eye moves or as a result of convec-
tion, as illustrated by the black, curved arrows. When oxygen is 
carried away from the retina, it can no longer be consumed by 
retinal metabolism. The increased mixing of oxygen with the oc-
ular fluids delivers more oxygen to the lens (short arrow), where 
it leads to nuclear opacification. 
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dividuals  [77, 78] . Therefore, it is possible that the degra-
dation or modification of one or more additional compo-
nents of the vitreous contributes to liquefaction.

  Patients with mutations in COL2A1, COL9A1 and 
COL11A1 or COL11A2, the fibrillar collagens that make 
up the backbone of the vitreous gel, have Stickler syn-
drome, resulting in no or little vitreous gel from an early 
age (patients with mutations in COL11A1 have also been 
categorized as having Marshall syndrome, a related syn-
drome). Patients with Wagner syndrome, resulting from 
mutations in CSPG2, a chondroitin sulfate proteoglycan, 
also called versican, also have early vitreous degenera-
tion, frequent retinal detachment and an increased risk 
of cataract. Early vitreous liquefaction in patients with 
mutations in the genes that encode these abundant com-
ponents of the vitreous raises the possibility that minor 
variations in these genes or other structural components 
of the vitreous could lead to reduced stability of the vitre-
ous gel, leading to early vitreous degeneration in some 
individuals. If, as suggested above, early vitreous degen-
eration increases the risk of nuclear cataract, variations 
in these genes could account for some or all of the risk of 
nuclear cataracts that is attributable to heredity. Since no 
genetic risk factors have been identified for nuclear cata-
racts, this possibility remains to be tested.

  One of the major limitations in studying the factors 
that influence vitreous liquefaction is the lack of a simple, 
reliable, noninvasive measure of the gel state of the vitre-
ous. Lack of such a test makes genetic and epidemiologi-
cal studies of vitreous liquefaction difficult. One pub-
lished method used ultrasound to quantify relatively vit-
reous liquefaction, but, to our knowledge, this approach 
has not yet been independently validated or used to screen 

for vitreous liquefaction  [85] . If such a test were validated 
and easily used in the clinic, it could be used to test the 
association between vitreous degeneration and nuclear 
cataract and to identify genetic and environmental causes 
of vitreous liquefaction.

  Several groups have developed synthetic gels to replace 
the vitreous after vitrectomy  [86–89] . In most cases, these 
preparations were designed to assist in re-attaching the 
retina after detachment. To our knowledge, the ability of 
these gels to restore the low oxygen levels near the poste-
rior surface of the lens has not been tested.

  The foregoing section illustrates several opportunities 
to test the hypothesis that loss of the gel state of the vitre-
ous and increased exposure of the lens to oxygen result in 
nuclear cataract formation. If this hypothesis were vali-
dated in human subjects, practical interventions to pre-
vent nuclear cataracts could follow. Since vitrectomy sur-
gery is a common procedure that causes rapid and reliable 
opacification of the lens nucleus, patients undergoing vit-
rectomy offer a promising ‘model system’ to test this hy-
pothesis. Success in protecting postvitrectomy patients 
from developing nuclear cataracts would lay the ground-
work for interventions to prevent these cataracts in sub-
jects with advanced vitreous degeneration. 
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 Introduction 

 Ocular diseases such as cataracts, glaucoma and age-
related macular degeneration (AMD) are common causes 
of blindness, which is the second biggest fear, next to 
death, among the elderly. Cataract formation represents 
a serious problem in the elderly and has a large impact on 
the health care budget. The lens is the ocular structure 
most susceptible to oxidative damage. In addition to cel-
lular death and degeneration, when the underlying epi-
thelial cells are exposed to the action of exogenous and 
endogenous reactive oxygen species, the crystallin pro-
teins in the lens cross-link and aggregate, resulting in cat-
aracts. Oxidative stress is a crucial factor in age-related 
processes including cataract formation. The form and in-
tensity of oxidative stress determine the cataract type and 
pigmentation, making efforts in the cataract prevention 
challenge more complex. Disturbance of balance between 
oxidative processes and antioxidative defenses causes the 
oxidative stress that can damage proteins, lipids, polysac-
charides and nucleic acids of the ocular tissues. Among 
other factors, obesity, smoking, aging and diabetes accel-
erate degenerative processes. Their numerous conse-
quences that appear in the eye are well known. However, 
inadequate antioxidant statuses being a crucial determi-
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nant, antioxidant micronutrients and phytochemicals 
have been extensively studied for their possible effects to 
prevent or delay the progression of various eye diseases. 
Food-based antioxidant nutrients might be useful in the 
treatment of macular degeneration and cataracts. This 
paper presents a brief overview of the updated literature 
of these explorations with an emphasis on cataract. 

  Nutrition and Cataract 

 Linkages of Macronutrients, Micronutrients and 
Antioxidants with Cataract 
 There have been numerous studies in different popu-

lations for examining the associations of micronutrients 
and antioxidants with cataract .  In a study on levels of vi-
tamin C, vitamin E, glutathione and lipopolysaccharide 
for 42 cataract patients and 40 age-matched controls, per-
sons with cataract had lower levels of vitamin C and high-
er levels of vitamin B 6  and selenium  [1] . Glutathione has 
been proven to be a potent antioxidant, and its deficiency 
has been implicated in cataractogenesis  [2] .

  The nutritional deprivation or an insult to the lens 
protein before or soon after birth may trigger cataracto-
genesis  [3, 4]  as seen in the cohort study in a population 
of 1,428 English men and women aged 64–74 years, in 
which the body weight at 1 year was negatively correlated 
with the nuclear opacity score in adult life (p = 0.001). The 
association remained after controlling for age, sex, smok-
ing, social class, adult height and diabetes.

  To evaluate associations with biochemical indicators 
of nutritional and other risk factors for cataractogenesis, 
Leske et al.  [5] , conducted the Lens Opacities Case-Con-
trol Study on 1,380 participants (40–79 years). Odds ra-
tios were significantly decreased for glycine (0.36) and 
aspartic acid (0.31). Lens opacities were associated with 
lower levels of riboflavin, vitamin E, iron and protein nu-
tritional status. Higher levels of uric acid were associated 
with increased risk of mixed opacities. Vitamins of the B 
group and other antioxidant vitamins and cataract risk 
were also investigated  [6] : a negative association between 
 � -carotene and vitamin E intakes and relative risk of cat-
aract implicated that development of lens opacities can be 
prevented by antioxidant micronutrients. 

  A number of studies have shown a decreased cataract 
risk in people with high plasma levels of antioxidant mi-
cronutrients (vitamins A, C and E)  [7–10] . However, the 
findings of a protective effect are not consistent, and the 
interpretation of these findings remains limited by the 
wide variety of methods used and parameters measured. 

Selenite cataract was due to an oxidative stress to the lens, 
where ascorbate functioned as an anticataractogenic sub-
stance  [11] . Dietary and supplemental intakes of antioxi-
dant micronutrients were monitored prospectively for 4 
years in women with intact lenses recruited from the 
Nurses’ Health Study (n = 50,828; 45–67 years). After 8 
years, the incidence of cataract extraction was lower in 
women with high antioxidant scores  [12] . Additionally, 
the consumption of a vitamin C supplement for more 
than 10 years conferred a significant, 45% reduction in 
the risk of developing cataract.

  The studies on Indians revealed that inadequacies of 
certain micronutrients, such as riboflavin, zinc and cop-
per, were associated with cataract  [13, 14] . In undernour-
ished patients, the proportion of insoluble proteins in the 
lens was found to be significantly higher as compared to 
well-nourished cataract patients, indicating a decreased 
solubility of soluble proteins, a common finding in nu-
clear cataracts  [15] . Previous work carried out by our 
group indicated compromised plasma levels of ascorbic 
acid,  � -carotene, riboflavin, thiamine, zinc and seleni-
um in 140 senile cataract patients as compared to 100 
age- and sex-matched controls  [16] . A protective effect of 
antioxidants on lens tissue and supplementation with vi-
tamin C and lutein/zeaxanthin have been associated 
with a decreased risk of cataract formation in multiple 
observational studies. However, in a review of the carot-
enoids lutein and zeaxanthin, the US Food and Drug Ad-
ministration has concluded that there is insufficient evi-
dence to suggest that supplementation with these carot-
enoids lowers the risk of cataract formation but these 
nutrients may help individuals exposed to high oxidative 
stress, such as heavy smokers, and those with poor nutri-
tion  [17] .

  Oxidative Stress and Cataract 
 In cataract, the lens being the main target tissue, oxi-

dative stress as a result of increased generation of active 
species of oxygen and free radicals in the lens have been 
implicated in the etiology/pathogenesis of age-related 
cataract resulting in loss of transparency, degeneration of 
biochemical parameters such as ATP, GPD, nonprotein 
thiols, and oxidation of lens protein and lipid  [18, 19] . 
Among environmental factors, UVB radiation  [20]  and 
cigarette smoke are important oxidants in the pathogen-
esis of cataract. Lipopolysaccharide formation could be 
one of the mechanisms of cataractogenesis  [21] . 

  To understand the biochemical and molecular mecha-
nisms underlying lens browning and cataractogenesis, a 
wide range of biochemical parameters were investigated 
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in human cataracts. An increased aggregation and cross-
linking, conformational change, crystallin susceptibility 
to UVB (290–320 nm) radiation, denaturation and pro-
tein oxidation accompanied by reduced glutathione, 
ascorbic acid and protein sulfhydryl groups, and decrease 
in enzymatic antioxidant defense as observed by catalase 
and glutathione peroxidase in the cortical region during 
lens browning and cataract formation have been reported 
 [22] .

  Oxidative as well as osmotic stress caused by accumu-
lation of polyols within the lens has been shown to be as-
sociated with glucose-induced cataractogenesis. Taurine 
has an antioxidant capacity, and its level in diabetic cata-
ractous lens is markedly decreased. An in vitro lens cul-
ture study has indicated that taurine might spare gluta-
thione and protect the lens from oxidative stress induced 
by a high concentration of glucose  [23] .

  Effect of Supplementation of Selected Micronutrients 
 Considering the reported significant associations of 

micronutrient deficiencies with cataract, some prospec-
tive studies on supplementation have been conducted but 
gave controversial results. In the Age-Related Eye Disease 
Study (AREDS)  [24]  on 111 senile cataract patients, a 
high-dose formulation of vitamin C, vitamin E and  � -
carotene in a relatively well-nourished cohort had no ap-
parent effect on the progression of age-related lens opac-
ities. However, another study on participants from the 
same cohort (n = 247 women; 56–71 years) in support of 
vitamin C supplementation (400–700 mg daily) for at 
least 10 years was associated with a 77% lower prevalence 
of early lens opacities and an 83% lower prevalence of 
moderate lens opacities.

  In 1 more longitudinal study of cataract, changes in 
nuclear opacification were measured over 5 years in 764 
participants older than 40 years  [25] . The risk of progres-
sion of nuclear cataracts was reduced by one third and 
one half in subjects who regularly consumed a multivita-
min or vitamin E supplements, respectively, as well as in 
those with higher plasma levels of vitamin E. Contrary to 
these findings, however, an end-of-trial random sample 
of 1,828 middle-aged male smokers in the Finnish ATBC 
study ( � -tocopherol,  � -carotene cancer prevention study) 
showed no effect on cataract prevalence after 5–8 years of 
supplementation with these nutrients  [26] .

  Further support of a protective effect against devel-
oping age-related cataracts, by antioxidant micronutri-
ents and/or vitamin/mineral supplements, has been de-
rived from the 2 landmark cataract intervention trials 
in Lin xian, China, by Sperduto et al.  [27] , when partici-

pants over 65 years who took the supplements had a 36% 
lower prevalence of nuclear cataract. In the general pop-
ulation trial, prevalence of nuclear cataract was signifi-
cantly lower in those who received a riboflavin/niacin, 
retinol/zinc and the vitamin C/molybdenum supple-
ments  [27] .

  To determine if a mixture of oral antioxidant micro-
nutrients, i.e.  � -carotene (18 mg/day), vitamin C (750 mg/
day) and vitamin E (600 mg/day), would modify progres-
sion of age-related cataract, a multicentered, prospective, 
double-masked, randomized, placebo-controlled, 3-year 
trial was undertaken by Chylack et al.  [28]  using serial 
digital retroillumination imagery of the lens when there 
was a small positive treatment effect in US patients (p = 
0.0001); after 3 years, a positive effect was apparent (p = 
0.048) in both the US and the UK groups.

  Trace Elements in Cataractous Lens 
 A number of studies have reported the concentration 

of inorganic elements (zinc, copper, iron, calcium, potas-
sium, sodium, selenium and manganese) in the catarac-
tous lens  [29–32]  when an increase was found for zinc, 
copper and calcium; the potassium was the same as com-
pared with the normal lenses, and no significant changes 
were seen for selenium values. To investigate the possible 
influence of diabetes on the zinc and iron content of the 
lens, iron and zinc of 57 human lenses (28 corticonuclear 
cataracts and 29 capsular cataracts) were analyzed by 
Dawczynski et al.  [33] . Diabetic patients had both in-
creased zinc and iron contents in the lens compared to 
nondiabetic subjects especially for the advanced forms of 
cataract and dark brown colored lenses of diabetics. Our 
data also support this observation when the trace metal 
profiles of lenses between diabetic and nondiabetic cata-
ract patients were compared  [34] .

  Levels of zinc (11 mg/l) and copper (0.8 mg/l) were de-
termined by Sethi et al.  [35]  and Srivastava et al.  [36]  in 
the nucleus of the lens of Indian cataract patients. The 
results showed that copper and zinc content increased, 
although more in the cortex than nucleus sections of the 
cataractous lens. Concentrations of lead, zinc, potassium, 
calcium, copper and sodium were determined in several 
human cataract and clear lenses, obtained from patients 
from 2 contrasting environmental regions from Delhi, 
India  [37] , in which it was observed that the intrusion of 
lead and calcium ions and extrusion of zinc and potassi-
um ions through the process of ion exchange occurred
in the cataractous lens, thereby influencing its transpar-
ency.
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  Effects of Multiple Micronutrient Supplements 
 One thousand twenty participants, 55–75 years old 

and with early or no cataract, were randomly assigned to 
a daily tablet of a multivitamin/mineral formulation or a 
placebo. Lens events were less common in participants 
who took the multivitamin/mineral formulation, but the 
treatment had opposite effects on the development or 
progression of nuclear and posterior subcapsular cataract 
opacities  [38] . To examine the relation between dietary 
intake of carotenoids and vitamins C and E and the risk 
of cataract in women, the diet of 35,551 women without 
cataract provided detailed information on antioxidant 
nutrient intake from food and supplements. Higher di-
etary intakes of lutein/zeaxanthin and vitamin E from 
food and supplements were associated with significantly 
decreased risks of cataract  [39] .

  The summary of the role of nutritional factors in lens 
opacity is shown in  figure 1 . 

  Dietary Interventions as Strategy for Prevention of 
Other Ocular Disorders 

 As with cardiovascular disease, nutrition and envi-
ronmental intervention present new clinical practice and 
research opportunities in eye care. This includes maxi-
mizing health potential with food choice, the use of sup-
plementation in high-risk and noncompliant patients, 
avoiding toxins such as cigarettes, and encouraging exer-
cise. Lutein and zeaxanthin, two xanthophylls that have 
been considered to delay formation of eye diseases (AMD, 
cataract), are found in numerous dietary supplements ad-
vised for eye protection or supply of nutritional compo-
nents  [40] . 

  The role of nutritional supplementation is of increas-
ing interest with regard to ocular disease. Randomized 
controlled trials have demonstrated the effectiveness of 
supplementation for AMD, and formulations are now be-
ing developed for use by people with diabetes and dia-
betic retinopathy. Medline and Embase searches were 
based on 50 trials which identified a positive effect of 
chromium on fasting plasma glucose. Isoflavones were 
found to have a positive effect on insulin resistance and 
cardiovascular outcome measures, but only when com-
bined with soy proteins. Vitamin E is reported to reduce 
oxidative stress at levels of 200 mg/day or more  [41] . The 
field of micronutrients is currently being developed in 
ophthalmology. As observed in cardiovascular diseases, 
AMD, ocular surface diseases and even glaucoma could 
benefit from dietary modifications. Among the different 

fundamental dietary elements, the role of lipids and es-
sential fatty acids seems particularly interesting  [42] . 
Published studies and information found in PubMed, In-
ternational Bibliographic Information of dietary supple-
ments and selected websites have been reviewed by West 
et al.  [43]  for the role of nutritional and herbal medicines 
in the treatment of AMD, cataract, diabetic retinopathy 
and glaucoma. The available evidence does support the 
use of certain vitamins and minerals in patients with cer-
tain forms of AMD. For cataracts, the available evidence 
does not support these supplements to prevent or treat 
cataracts in healthy individuals. For diabetic retinopathy 
and glaucoma, the available evidence does not support 
the use of these supplements. In the category of herbal 
medicines, the available evidence does not support the 
use of herbal medicines for any of these ocular diseases.

  The role of nutritional supplementation in the preven-
tion of onset or progression of ocular disease is of interest 
to health care professionals and patients. Literature 
searches were carried out on Web of Science and PubMed 

Lens

opacity

Excessive smoking

Intake of alcohol

Tobacco

High sunlight

exposure

Elevated serum

glucose, cholesterol,

triglycerides

High BMI and WHR

Elevated lens LOP

Zinc and iron

Low soluble-to-total

protein ratio

High intake of animal

foods, sweets and milk

Low intake of fruits

vegetables, salads

yogurt and tea

Low plasma

ascorbic acid

-carotene

riboflavin, thiamine

Zn, Se, Mn

�

High plasma LPO

and aldose reductase

Low TEAC, SOD

catalase

  Fig. 1.  Linkages of dietary, nutritional and lifestyle factors with 
lens opacity. LPO = Lipopolysaccharide; TEAC = Trolox equiva-
lent antioxidant capacity; SCD = superoxide dismutase; BMI = 
body mass index; WHR = waist-hip ratio.   
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for articles relating to the use of nutrients in ocular dis-
ease such as vitamins A, B, C and E, carotenoids  � -caro-
tene, lutein and zeaxanthin, minerals selenium and zinc, 
and the herb  Ginkgo biloba . It has been advocated that 
vitamins C and E, and lutein/zeaxanthin should be in-
cluded in our theoretically ideal ocular nutritional sup-
plement  [44] . However, nutritional supplements are not 
without risks, and their effects must be diligently and ac-
curately monitored. However, they pose a potentially use-
ful complement for treating ocular disease and condi-
tions  [45] .  Table 1  lists the nutrients that play an impor-
tant role in maintaining vision.

  Role of Oxidative Stress in Other Ocular Disorders 
 Oxidative stress is a term used to describe any chal-

lenge in which pro-oxidants predominate over antioxi-
dants; it may be due to either increased production of 
reactive oxygen species or decreased levels of antioxi-
dants (enzymatic and nonenzymatic) or both. 

  Primary open-angle glaucoma (POAG) is a complex 
chronic neurological disease that can result in blindness. 
Although epidemiological studies of POAG have not ad-

dressed the role of nutrition in the development of POAG, 
some papers have considered that nutrition may have an 
impact on POAG patients. The pathway for elastin re-
modeling and apoptosis induction seems to be influenced 
by endogenous lipid-soluble antioxidants, for example vi-
tamin E. Roles can be defined for antioxidants in the two 
different pathways of extracellular matrix remodeling 
and apoptosis induction  [46] .

  Linkages of Micronutrient Status with Prevalence of 
Ocular Disorders 
 Among the large sample size studies, e.g. in the Beaver 

Dam Eye Study, the association of use of vitamin, min-
eral and nonvitamin nonmineral supplements with com-
mon age-related eye diseases has been investigated in 
13,985 participants. There was little evidence of any sig-
nificant associations between supplement use and inci-
dent ocular outcomes except for a small protective effect 
for cortical cataracts by vitamins A and D, zinc and mul-
tivitamins as well as increased odds of late AMD. Late 
AMD was associated with incident use of vitamins A, C 
and E and zinc. AMD seems to precede the use of vita-

Table 1. N utrients for ocular health

Nutrient/antioxidant Role in vision Rich sources Health impacts

Vitamin E Potent free radical scavenger Sunflower seeds, almonds,
hazelnuts

Prevention of cataracts and 
AMD

Vitamin A night blindness, dry eyes Cod liver oil, beef and chicken
liver, carrots, kale

Prevention of blindness 
and cataracts, improves
vision

�-Carotene Precursor of vitamin A Green leafy vegetables Prevention of cataracts

Lutein and 
zeaxanthin

Powerful free radical scavengers,
protect the retina 

Green and yellow vegetables and 
egg yolks

Prevention of cataracts and 
retinopathy

Lycopene Potent free radical scavenger Red tomatoes Prevention of cataracts

Zinc Helps in absorption of vitamin A, acts 
as cofactor for superoxide dismutase

Oysters, hamburgers, wheat and 
nuts

Prevention of cataracts and 
AMD, improves immune 
functioning

Selenium Helps in absorption of vitamin E,
constituent of glutathione peroxidase

Brazil nuts, yeast and seafood like 
oysters

Prevention of cataracts and 
AMD

Quercetin Strong phenolic antioxidant and free 
radical scavenger, antiallergic,
anti-inflammatory, anticarcinogenic, 
anti viral and antithrombotic properties

Onions, capers, cranberries, fennel, 
cocoa, black currants, buckwheat, 
black tea

Prevention of cataracts and 
AMD

L-Carnitine Protects the neurons of the optic
nerve, protects vision

Red beef, artichokes, asparagus, 
beet greens, broccoli, garlic,
mustard greens, okra and parsley

Prevention of cataracts and 
AMD, strengthens the
immune system
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mins A, C and E and zinc. This may reflect advice by fam-
ily, friends and health care providers about the benefits of 
supplements similar to those in the AREDS  [47] .

  Among several theories involved in the pathogenesis 
of POAG, the vascular theory considers the disease to be 
a consequence of reduced ocular blood flow associated 
with red blood cell abnormalities. Linear regressions pre-
dicted that red blood cell choline plasmalogen levels 
would decrease years before clinical symptoms, whereas 
the levels of phosphatidyl choline carrying docosahexae-
noic acid were linearly correlated with visual field loss. 
These data demonstrate the selective loss of some indi-
vidual phospholipid species in red blood cell membranes, 
which may partly explain their loss of flexibility in POAG 
 [48] .

  Conclusions 

 Understanding about the importance of micronutri-
ents in the control and prevention of ocular diseases has 
been relatively recent. There appear to be significant 
health benefits from dietary antioxidants from fruits and 
vegetables, in particular  � -carotene, lutein and zeaxan-
thin, for the treatment of macular degeneration and cata-
racts. Epidemiological studies on cataract have suggested 
that antioxidant micronutrients such as  � -tocopherol, 
retinol and ascorbic acid may help to protect against cat-
aractogenesis. However, there are conflicting results in 
this area. Further, supplements of vitamin A, vitamin C, 
vitamin E and zinc may prevent advanced AMD only in 
high-risk individuals. 
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 Introduction 

 Glaucoma is an optic neuropathy characterized by the 
accelerated death of retinal ganglion cells and their axo-
ns. The prevalence of glaucoma increases markedly with 
advancing age ( fig. 1 ) across all populations  [1, 2] . While 
glaucoma has traditionally been considered a disease of 
raised intraocular pressure (IOP), the increase in disease 
prevalence with age is not accompanied by a correspond-
ing increase in IOP  [3] . Furthermore, not all ocular hy-
pertensive patients develop glaucoma, not all glaucoma 
patients have elevated IOP, and lowering IOP does not 
always prevent vision loss in glaucoma patients. These 
observations imply that age-associated changes, which 
are independent of IOP, make retinal ganglion cells more 
vulnerable to degeneration. 

  An increase in the susceptibility of aged retinal gan-
glion cells to injury has been demonstrated in a number 
of experimental models. Retinal ganglion cells suffer 
greater damage in response to optic nerve crush or isch-
emia-reperfusion in old compared to young rodents  [4–
6] . Age-related susceptibility to degeneration is seen in 
other regions of the central nervous system; aging is the 
greatest risk factor for Parkinson’s disease, Alzheimer’s 
disease and amyotrophic lateral sclerosis  [7] . However, 
the pathophysiology that predisposes aging neurons to 
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 Abstract 
 Aging is the greatest risk factor for glaucoma, implying that 
intrinsic age-related changes to retinal ganglion cells, their 
supporting tissue or both make retinal ganglion cells suscep-
tible to injury. Changes to the ocular vasculature, connective 
tissue of the optic nerve head and mitochondria, which have 
been documented with advancing age and shown to be ex-
acerbated in glaucoma, may predispose to glaucomatous in-
jury. When considering such age-related changes, it is diffi-
cult to separate pathological change from physiological 
change, and cause from consequence. The insults that pre-
dispose aged retinal ganglion cells to injury are likely to be 
varied and multiple; therefore, it may be more relevant to 
identify and treat common mechanisms that predispose to 
retinal ganglion cell failure and/or death. We suggest that 
mitochondrial dysfunction, as either a cause or consequence 
of injury, renders retinal ganglion cells sensitive to degen-
eration. Therapeutic approaches that target mitochondria 
and promote energy production may provide a general 
means of protecting aged retinal ganglion cells from degen-
eration, regardless of the etiology. 
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degeneration remains unclear. Here, we will consider 
some key changes to retinal ganglion cells and their mi-
croenvironment that are seen in aging and exacerbated in 
glaucoma. We will also consider the mechanisms by 
which these changes may contribute to glaucomatous de-
generation and the interaction between them.

  Mechanisms of Retinal Ganglion Cell Injury 

 Vascular Insufficiency 
 Vascular insufficiency can be caused by vasospastic 

events that impair autoregulation, hemodynamic chang-
es that reduce perfusion pressure such as hypotension 
and changes to vessel walls, or hematological changes 
that increase vascular resistance such as an increase in 
blood viscosity. Regardless of the underlying cause, vas-
cular insufficiency results in compromised oxygen sup-
ply, nutrient delivery and waste removal.

   In Aging  
    Structural changes to the ocular vasculature are seen 

with increasing age and include basement membrane 
thickening, increased vessel tortuosity, loss of capillary 
patency, vessel kinking and narrowing of arterioles and 
venules  [8, 9] . Changes to ocular vascular dynamics in-
cluding blood flow, volume and velocity with advancing 
age have been reported in the ophthalmic artery  [10, 11] , 
central retinal artery  [12] , in capillaries of the neuroreti-
nal rim  [13, 14] , lamina cribrosa  [14, 15]  and optic nerve 
head  [16]  and also in the choroid  [17, 18] . Age-related 

changes are not always evident with some studies report-
ing no correlation between age and ocular blood flow  [19, 
20] . These discrepancies may relate to different measure-
ment techniques and patient populations. Overwhelm-
ingly, however, the current body of literature supports a 
reduction in ocular blood flow with age.

   In Glaucoma 
    Retinal ganglion cells are some of the most metaboli-

cally active cells in the body, making them particularly 
sensitive to any circulatory abnormalities that decrease 
oxygen and nutrient supply. As such, vascular insuffi-
ciency and the associated ischemic insult to retinal gan-
glion cells are implicated in the pathogenesis of glauco-
ma. It has been shown that primary open-angle glaucoma 
(POAG) patients have an impaired blood flow in the cen-
tral retinal artery  [21–23] , inner retinal vasculature  [24] , 
optic nerve head  [25, 26] , ophthalmic artery  [27, 28]  and 
choroid  [29, 30] . Collectively, these findings support a 
role for vascular insufficiency in glaucoma although cau-
tion must be taken in interpreting the results due to het-
erogeneous patient groups, small group sizes, differing 
measurement techniques, the unknown effect of anti-
glaucoma medications and the varying comparison of 
POAG patients with either healthy or ocular hypertensive 
patients. Systemic hypotension  [31]  and other systemic 
hematological defects such as increased plasma viscosity 
 [24]  and hypercoagulation  [32]  have also been reported 
in glaucoma patients and may exacerbate or contribute to 
disturbances in ocular blood flow.

  Mechanical Damage 
 The lamina cribrosa of the optic nerve head is a series 

of perforated connective tissue plates through which 
blood vessels and retinal ganglion cell axons pass. The 
extracellular matrix of the lamina cribrosa is composed 
of various types of collagen, elastin, proteoglycans and 
glycoproteins, presumably synthesized by astrocytes lo-
cated on the surface of the plates. Structural remodeling 
of the lamina cribrosa is thought to cause misalignment 
of connective tissue plates, resulting in compressive forc-
es that act on directly underlying vessels and axons. This 
is likely to result in reduced diffusion of nutrients and 
oxygen from laminar capillaries to retinal ganglion cell 
axons.

   In Aging 
    Significant structural change is seen in the lamina 

cribrosa with advancing age. Increased laminar beam 
thickness  [33, 34] , increased astrocyte basement mem-
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  Fig. 1.  Five-year age-specific incidence of glaucoma. The overall 
incidence of open-angle glaucoma increases near-exponentially 
with advancing age. Data adapted from the population-based 
Melbourne Visual Impairment Project  [2] . 
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brane thickness  [35, 36] , hardening of the extracellular 
matrix  [33, 37] , increased collagen and elastin content 
 [33, 38]  and changes to proteoglycans and glycosamino-
glycans  [39]  are seen when old tissue is compared to 
young tissue. In combination or alone, these age-related 
changes make the aged optic nerve head significantly 
stiffer and less compliant than the young optic nerve 
head.

   In Glaucoma 
    Because damage to retinal ganglion cells within the 

lamina cribrosa is a central pathology of glaucoma, much 
research has focused on optic nerve head remodeling in 
the glaucomatous eye. Predictions of how alterations in 
optic nerve head structure underlie the clinical behavior 
and increased susceptibility of the aged optic nerve to 
glaucomatous damage have been presented recently by 
Burgoyne and Downs  [40] .

  In animal models, changes to the prelaminar, laminar 
and peripapillary scleral tissues of the optic nerve head 
have been described at the earliest detectable stages of 
experimental glaucoma. These changes include displace-
ment, thickening and hardening of the lamina cribrosa 
 [41, 42] , deformation of the neural canal  [43]  and altera-
tion of collagen and elastin fibers in the extracellular ma-
trix of the lamina cribrosa  [44, 45] . Many of these studies 
were performed using young animals in which IOP was 
experimentally elevated, indicating that IOP alone can 
cause the aforementioned changes to optic nerve head tis-
sues. Alterations to the lamina cribrosa in human glau-
comatous eyes have also been reported, including chang-
es in the types of collagen fibers  [46, 47] , abnormal bio-
synthesis of elastin  [48]  and thickening of basement 
membranes  [45, 48] .

  Mitochondrial Dysfunction 
 Mitochondria are central to cell survival and integrity. 

In addition to providing cellular energy via oxidative 
phosphorylation, mitochondria regulate several key pro-
cesses such as apoptosis, cell growth, calcium homeosta-
sis and production of reactive oxygen species (ROS). Mi-
tochondria are particularly susceptible to damage due to 
a close proximity to ROS production and a lack of DNA 
protection by histones.

   In Aging  
  It is well accepted that mitochondria accumulate struc-

tural and functional damage with age. Although studies 
specifically looking at the retina and optic nerve are lack-
ing, age-associated mitochondrial dysfunction has been 

described in a range of other human tissues including the 
central nervous system  [7] . Changes to mitochondria that 
are seen with advancing age include increased mitochon-
drial DNA (mtDNA) mutations, a reduction in mitochon-
drial mass, reduced rates and efficiency of oxidative phos-
phorylation and increased production of ROS.

   In Glaucoma 
  Due to their high rates of metabolism, retinal gan-

glion cells contain high numbers of mitochondria that 
are concentrated along unmyelinated axons. Retinal 
ganglion cells are specifically sensitive to mitochondrial 
abnormalities, as evidenced by the optic neuropathies 
Leber’s hereditary optic neuropathy and autosomal 
dominant optic atrophy, both of which are caused by mi-
tochondrion-related genetic defects and both of which 
result in the selective loss of retinal ganglion cells. An 
association between mitochondrial dysfunction and 
glaucoma has recently been shown in a clinical study re-
porting increased mtDNA mutations and a reduction in 
mitochondrial respiratory function in the peripheral 
blood of POAG patients compared to age-matched con-
trols  [49] . In a similar way, somatic mtDNA mutations 
are seen in association with age-related neurodegenera-
tive conditions such as Parkinson’s disease, Alzheimer’s 
disease, amyotrophic lateral sclerosis and age-related 
hearing loss  [7] .

  An immediate consequence of mitochondrial dys-
function is decreased ATP synthesis and increased pro-
duction of ROS due to leakage through the electron trans-
port chain ( fig. 2 ). There is a large body of literature im-
plicating ROS and associated oxidative stress in glaucoma 
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  Fig. 2.  Potential pathways through which mitochondrial dysfunc-
tion can lead to retinal ganglion cell death. 
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pathogenesis. Suggested mechanisms include direct cy-
totoxic effects of ROS on retinal ganglion cells, ROS sig-
naling as a second messenger in retinal ganglion cell 
apoptosis, ROS-induced glial dysfunction as a cause for 
secondary retinal ganglion cell death, oxidative damage 
as an activator of aberrant immune responses or oxida-
tive stress as a trigger for the release of excitotoxic amino 
acids  [50, 51] .

  While oxidative damage by ROS is often considered a 
cause for cell degeneration in glaucoma and other neuro-
degenerative diseases, the energetic failure associated 
with mitochondrial dysfunction may be more relevant. 
We hypothesize that age-related mitochondrial dysfunc-
tion renders retinal ganglion cells susceptible to glauco-
matous injury by reducing the energy available for repair 
processes and predisposing cells to apoptosis. This idea 
has recently been reviewed in more detail by us  [52]  and 
others  [53] .

  Interactions 
 Above, we have outlined 3 age-related changes to reti-

nal ganglion cells and their supporting tissues that may 
predispose cells to glaucomatous degeneration. Many 
other changes to ocular tissue have been described with 
advancing age and may also be involved in the pathogen-
esis of glaucoma. Some of these changes include conden-
sation of the vitreous gel, alteration of corneal tonicity 
and scleral rigidity, changes to the shape and tone of the 
ciliary body, decreased lumen area of the aqueous collect-
ing channel, changes in the width of the anterior cham-
ber, decreased rates of optic nerve axonal transport, de-
terioration of the blood-retina barrier and increased 
numbers of microglia and activated immune cells.

  Importantly, the interaction between various age-re-
lated changes and the concepts of cause versus conse-
quence, and pathological change versus physiological 
change, must be considered. For example, vascular in-
sufficiency may arise as a secondary consequence of 
structural changes to the lamina cribrosa and optic 
nerve head. Alternatively, if glaucoma is a primary vas-
cular disease, circulatory disturbances may lead to re-
modeling of the lamina cribrosa. A reduction in nutri-
ent and oxygen supply caused by, or as a consequence of, 
structural changes to the lamina cribrosa may affect the 
efficiency of mitochondrial respiration in the prelami-
nar region.

  It must be realized that increasing age does not inde-
pendently give rise to disease. More likely, aging, via
a number of changes, generates increasingly vulnerable 
vasculature, connective tissue and retinal ganglion cells 

that are susceptible to subsequent insult. The rate and ex-
tent of insult will be further influenced by genes and en-
vironment that determine the rate of aging in every indi-
vidual.

  Methods of Protecting Retinal Ganglion Cells from 
Injury 

 Given the cause for retinal ganglion cell damage in 
glaucoma is likely to be multifactorial, general neuropro-
tective treatments that increase the resistance of retinal 
ganglion cells to injury may have the most successful out-
comes. We believe therapies that target mitochondria and 
enhance energy production in retinal ganglion cells will 
provide this protection, a concept also proposed by Os-
borne  [53] . The importance of mitochondria in mediating 
cell survival is clear. One of the most widely employed 
methods of slowing the aging process and delaying the 
onset of age-related disease is calorie restriction. Resvera-
trol, a mimetic of calorie restriction, has also gained much 
attention recently. Both calorie restriction and resveratrol 
have been shown to protect against neurodegeneration, 
and early reports indicate that this protection extends to 
the retina  [5, 54, 55] . There is strong evidence that the ben-
efits of these interventions are mediated by mitochondria. 
Both calorie restriction and resveratrol induce mitochon-
drial biogenesis, the formation of new mitochondria 
 within cells, and improve mitochondrial function  [56] . 
Another means of enhancing mitochondrial function is 
exercise. Physical activity is a potent stimulator of  mito-
chondrial biogenesis in muscle, heart and brain, which 
leads to enhanced oxidative phosphorylation activity and 
a corresponding increase in oxygen consumption and 
ATP synthesis  [57–59] . Although the modulating effects 
of ex ercise on retinal mitochondria are yet to be shown, 
preliminary evidence suggests that vigorous physical ac-
tivity may reduce glaucoma risk  [60] . Mitochondrion-
targeted therapies for protecting retinal ganglion cells 
from injury represent an exciting avenue of future re-
search.

  Conclusion 

 Changes in ocular vasculature, the supporting tissue 
of the optic nerve head and retinal ganglion cell mito-
chondria with advancing age may all predispose to glau-
comatous optic neuropathy. Strong associations be-
tween these age-related changes and glaucoma have 
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been described. When considering age-related changes 
that are relevant to retinal ganglion cell loss in glauco-
ma, it is important to distinguish physiological from 
pathological changes, and primary from secondary ef-
fects. It is unlikely that any single event will explain ret-
inal ganglion cell injury in all forms of glaucoma or that 
the underlying cause for injury is the same in every in-
dividual. It is more likely that the collection of changes 
associated with increasing age leads to an increasingly 
vulnerable optic nerve. We postulate that interventions 

aimed at delaying or reversing these age-related chang-
es, for example by promoting mitochondrial biogenesis, 
may restore the ability of retinal ganglion cells to re-
spond to injury of any type, thus improving disease out-
comes in glaucoma.
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 Introduction 

 Accumulating evidence supports a role for mitochon-
drial dysfunction in aging and disease in a wide range of 
tissues resulting in sporadic and chronic disorders, in-
cluding neurodegeneration and cardiomyopathy  [1, 2] . It 
is now apparent that the ocular system is no exception, 
since numerous eye pathologies are associated with mi-
tochondrial defects as a result of inherited mitochondri-
al mutations (e.g. Leber’s hereditary optic neuropathy, 
LHON) or cumulative stochastic mitochondrial damage 
(e.g. age-related macular degeneration, AMD; diabetic 
retinopathy). Cumulative stochastic injury over a lifetime 
is not surprising, since the eye is constantly exposed to 
numerous damaging agents including visible light (in 
particular the blue region, 475–510 nm), UV (UVA, 320–
400 nm) and UVB (280–320 nm) radiation, high concen-
trations of oxygen, and environmental chemicals (e.g. ac-
rolein from tobacco smoke). This potentially damaging 
microenvironment strongly favors the generation of reac-
tive oxygen species (ROS), which have the potential to 
exacerbate mitochondrial mutagenesis and ocular dys-
function  [3, 4] . As will be discussed below, cellular ROS 
can be derived from three main sources: mitochondria, 
photosensitizers and NADPH oxidase. Elevated mito-
chondrion-derived ROS have been strongly associated 
with ocular diseases in both the anterior and posterior 
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 Abstract 
 Mitochondria are critical for ocular function as they repre-
sent the major source of a cell’s supply of energy and play an 
important role in cell differentiation and survival. Mitochon-
drial dysfunction can occur as a result of inherited mitochon-
drial mutations (e.g. Leber’s hereditary optic neuropathy and 
chronic progressive external ophthalmoplegia) or stochastic 
oxidative damage which leads to cumulative mitochondrial 
damage and is an important factor in age-related disorders 
(e.g. age-related macular degeneration, cataract and diabet-
ic retinopathy). Mitochondrial DNA (mtDNA) instability is an 
important factor in mitochondrial impairment culminating 
in age-related changes and pathology, and in all regions of 
the eye mtDNA damage is increased as a consequence of ag-
ing and age-related disease. It is now apparent that the mi-
tochondrial genome is a weak link in the defenses of ocular 
cells since it is susceptible to oxidative damage and it lacks 
some of the systems that protect the nuclear genome, such 
as nucleotide excision repair. Accumulation of mitochondrial 
mutations leads to cellular dysfunction and increased sus-
ceptibility to adverse events which contribute to the patho-
genesis of numerous sporadic and chronic disorders in the 
eye.  Copyright © 2010 S. Karger AG, Basel 
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segments of the eye  [3, 5–7] . In addition, inherited muta-
tions in either mitochondrial genes or nuclear genes en-
coding mitochondrial proteins result in severe mitochon-
drial disease causing respiratory chain dysfunction, im-
pairment of replication of mitochondrial DNA (mtDNA) 
and depletion of mtDNA, which often manifest them-
selves as disorders of the optic nerve  [8–10] .

  The mitochondrion represents a critical organelle for 
cellular function and survival. Its principal roles include 
generation of chemical energy, compartmentalization of 
cellular metabolism and regulation of programmed cell 
death. The mitochondria consist of inner and outer mem-
branes composed of phospholipid bilayers containing 
many integral proteins. The inner membrane is particu-
larly protein rich and is compartmentalized into an inner 
limiting membrane and complex involutions designated 
‘cristae’ that expand the surface area for ATP production 
 [11] . Encompassed by the inner membrane is the matrix 
that contains enzymes catalyzing the tricarboxylic acid 
and urea cycles, fatty acid oxidation, gluconeogenesis as 
well as committed steps in heme and amino acid synthe-
sis. In addition, the mitochondrial matrix houses the ge-
netic system of the organelle: ribosomes, transfer RNAs 
(tRNAs) and tRNA synthetases, multiple copies of the 
mtDNA and the enzymes required for its replication. 
Given the fact that mitochondria play such an integral 
role in cellular activity, it is perhaps not surprising that 
dysfunction can result in a myriad of clinical disorders 
arising from inherited mutations and/or stochastic ROS-
induced genomic injury ( fig. 1 ).

  In this review, we outline the mechanistic basis of 
ROS-induced mtDNA dysfunction and the mitochondri-
al/oxidative stress theory of aging in relation to the ocular 
system. In addition, we will discuss the common pathol-
ogies associated with mitochondrial dysfunction, with 
particular emphasis on the role of oxidatively induced 
and inherited mutations within mtDNA, as causative fac-
tors in aging and tissue dysfunctions of the eye.

  Mitochondrial and Free Radical Theories of Aging 
and Disease 

 The free radical theory of aging was first proposed over 
60 years ago, when it was discovered that oxygen radicals 
were generated in biological systems following exposure to 
radiation  [12, 13] . Harman  [14]  put forward that oxygen 
free radicals are formed endogenously during routine me-
tabolism and that they play a pivotal role in the aging pro-
cess. The discovery of oxidants in vivo and the identifica-

tion of superoxide dismutase (SOD), an antioxidant whose 
primary function is to prevent oxidative damage in cells, 
propelled this principle to the forefront of gerontology the-
ories  [15, 16] . In 1972, Harman  [17]  additionally proposed 
that mitochondria have a fundamental role in the process 
of aging. The overall premise of this theory was that ROS 
generated by the mitochondrial metabolism increase in an 
age-dependent manner and that ROS-mediated damage to 
proteins, lipids and mtDNA has a causative role in the 
morbidity of aging and age-related disease. There are oth-
er plausible theories of senescence involving, for example, 
telomeres and genome stability, but the discovery of the 
role of sirtuin proteins (a family of proteins that regulate 
gene silencing and suppress recombination of ribosomal 
DNA) on mitochondrial function and on extension of life 
span has refocused attention on the importance of mito-
chondria in aging  [18] . Recent research has demonstrated 
that mitochondrial deficiencies (either generated by sto-
chastic damage or inherited mutations) are an important 
cause of cellular degeneration that is associated with
ocular dysfunction and aging and have led to the ‘mito-
chondrial-mutation-based’ model of ocular degeneration 
( fig. 2 )  [19–22] . The cumulative effects of these oxidatively 
modified mitochondrial components reduce the bioener-
getic tone, impair DNA repair, promote ROS production 
and increase the mtDNA mutation rate. 

  Inherited Mitochondrial Diseases 

 The best understood mitochondrial diseases are 
caused by maternally inherited point mutations or dele-
tions in mtDNA. In addition, mutation of nuclear encod-
ed genes can result in loss of mtDNA stability  [23] . Mito-
chondrial diseases manifest themselves with a broad 
spectrum of symptoms but frequently affect ocular tis-
sues and often involve heteroplasmy (the coexistence of 
both mutant and normal mtDNA;  fig. 1 ). Examples in-
clude cases of LHON, mitochondrial encephalomyopa-
thy, lactic acidosis and stroke-like episodes (MELAS), 
chronic progressive external ophthalmoplegia (PEO), 
and neuropathy, ataxia and retinitis pigmentosa. The 
symptoms of these disorders range from ophthalmople-
gia, optic atrophy, pigmentary retinopathy to macular 
dystrophy  [24] .

  mtDNA Heteroplasmy 
 A single mitochondrion may contain 0–21 mtDNA 

molecules  [25, 26] . In healthy cells, the mtDNA molecules 
are identical, which is termed homoplasmy. Most homo-
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plasmic base substitutions are usually found to be neutral 
polymorphisms, but some homoplasmic mitochondrial 
DNA mutations such as G11778A in the ND4 gene are an 
important cause of ocular disease  [27, 28] . However, due 
to the polyploid nature of the mitochondrial genome, 
wild-type and mutated mtDNA may coexist in an indi-
vidual mitochondrion, which is referred to as heteroplas-
my. Most mtDNA mutations related to diseases are asso-

ciated with heteroplasmy and can, if within a transcribed 
mitochondrial gene, affect expression and/or activity of 
the gene product. In heteroplasmic pedigrees, individuals 
with a greater amount of mutant mtDNA are at higher 
risk for visual loss. Typically 80–90% mutant mtDNA is 
required to produce a clinically observable phenotype. 
This phenomenon is known as the threshold effect. How-
ever, the additional interaction with nuclear-encoded mi-
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  Fig. 1.  The role of mtDNA ( a ), nuclear DNA (nDNA) mutations 
( b ) and ROS ( c ) in mitochondrial disease. Multiple factors dimin-
ish the integrity of mitochondria that lead to loss of cell function, 
apoptosis and ocular degeneration.  a  The most common mito-
chondrial diseases, e.g. LHON, result from primary mtDNA mu-
tations that prevent successful completion of respiratory com-
plexes, e.g. complex I, thus reducing mitochondrial oxidative 
phosphorylation (OXPHOS).  b  Mutations in nDNA-encoded mi-
tochondrial proteins result in an impaired ability to undergo 
mtDNA replication, maintenance and mtDNA repair.  c  ROS, in 
particular superoxide (O2·–), are generated from exposure to exog-

enous oxidative agents as well as being byproducts of OXPHOS 
(primarily from complexes I and III of the electron transport 
chain). ROS damage all mitochondrial macromolecules and in-
clude labile Fe-S enzymes such as aconitase which release Fe 2+  and 
H 2 O 2 , promoting Fenton chemistry. The mtDNA is a major target 
for the hydroxyl radical (OH � ) which can lead to increased muta-
tion rates. It is important to note that increased ROS generation is 
associated with mitochondrial disease irrespective of the caus-
ative factor, i.e. mtDNA, nDNA mutation or exogenous oxidative 
exposure. 
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tochondrial proteins and environmental factors may 
complicate the issue of assigning a pathogenic role spe-
cifically to mtDNA sequence variants. These mutations 
often undergo mitotic segregation and the levels of nor-
mal and mutated mtDNA can vary considerably between 
cells of the same tissue, a phenomenon that may be influ-
enced by the organization of mtDNA in nucleoids. Mito-
chondrial heteroplasmy is thought to result in altered 
proteins that may accumulate over time, thus promoting 
ocular disease states  [6, 29] .

  mtDNA Mutations 
 The most common mitochondrial disease with bilat-

eral optic neuropathies is LHON, which results from pri-

mary mtDNA mutations affecting the respiratory chain 
complexes  [30, 31] . Over 90% of LHON pedigrees harbor 
1 of 3 mtDNA point mutations (m.3460G:A, m.11778G:A, 
m.14484T:C), all of which affect genes encoding complex 
I of the respiratory system  [32] . Several other mtDNA mu-
tations have been identified with LHON, with most of 
them also occurring in the respiratory chain  [33, 34] . An-
other mtDNA mutation disorder, MELAS, usually occurs 
from maternal inheritance, with almost 90% of patients 
suffering from a mutation at position 3243, encoding the 
tRNA leucine in mtDNA  [35] . Patients with MELAS often 
have mtDNA deletions and present with retinal pigmen-
tary abnormalities and retinal pigment epithelium (RPE) 
atrophy similar to those present in the early AMD pheno-
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  Fig. 2.  Mitochondrial-mutation-based model of ocular degenera-
tion. Both mtDNA mutations and nuclear-DNA (nDNA)-encod-
ed mutations in mitochondrial proteins are a primary cause of 
mitochondrial dysfunction which may in turn be an initiating 
factor in ocular disease. Intriguingly, mitochondrial oxidative 
stress (which can be generated from both endogenous and exog-
enous sources, as well as being a byproduct from mtDNA and 
nDNA mutations) has a pivotal role in disease progression. After 

a certain threshold of mitochondrial mutations has been reached, 
the mitochondria undergo a bioenergetic crisis, resulting in in-
creased ROS and concomitant generation of mtDNA mutations. 
This causes the level of energy production to drop below that re-
quired for cellular functioning, and apoptosis is initiated by the 
mitochondria, leading to loss of tissue function and contributing 
to the onset/progression of ocular degeneration. 
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type  [36] . Interestingly, similar symptoms have been as-
sociated with some patients with another mitochondrial 
disorder, maternally inherited diabetes and deafness, 
which highlights the clinical overlap which often exists 
with mitochondrial diseases  [37, 38] . Neuropathy, ataxia 
and retinitis pigmentosa syndrome is usually due to the 
ATP6 T8993G mutation. Children in whom the burden of 
the mutation exceeds 95% instead succumb to a brainstem 
disorder known as infantile Leigh’s syndrome. Mutations 
in several of the mitochondrial tRNA genes result in PEO, 
which is characterized by weakness of the external eye 
muscles and ptosis. The most common mitochondrial
deletion, which causes a multisystem disorder known as 
Kearns-Sayres syndrome, is associated with the develop-
ment of retinitis pigmentosa and PEO before the age of 20. 
Patients with Kearns-Sayres syndrome typically suffer 
from cardiac conduction defects and cardiomyopathy.

  Nuclear DNA Mutations That Affect Mitochondria 
 Mutations in mitochondrial proteins that are encoded 

by nuclear DNA (nDNA) also present with ophthalmic 
manifestations that affect POLG encoding DNA poly-
merase  � , PEO1 or Twinkle encoding the mtDNA heli-
case and ANT1 encoding the adenine nucleotide translo-
cator  [39–42] . These proteins are required for mtDNA 
replication, maintenance and repair. Over 80 pathogenic 
mutations have been documented in DNA polymerase  �  
(a heterotrimer consisting of a catalytic  � - and 2 acces-
sory  � -subunits)  [43] . It is required for DNA repair as a 
component in the base excision repair pathway and rep-
lication  [44] . Mutations in its  � -subunit can result in dis-
orders that present as ocular symptoms including senso-
ry-atactic neuropathy, dysarthria and ophthalmoplegia 
(SANDO) and recessive and sporadic forms of PEO  [45] . 
Twinkle, a hexameric DNA helicase, is generally assumed 
to be the primary replicative helicase of mtDNA with a 5 �  
to 3 �  polarity and nucleotide triphosphate hydrolase ac-
tivity. Twinkle interacts with approximately 20 proteins 
including DNA polymerase  � , to form a component of a 
replication unit of mtDNA, which helps to explain why 
mutations in these 2 genes often present in similar man-
ifestations. Over 20 mutations in the Twinkle gene have 
been associated with PEO, but it has also been described 
as a recessive mutation in SANDO  [46–48] . Mutations in 
the  ANT1  gene that encodes an adenine nucleotide trans-
locator protein, whose main function is to transport ATP 
out of the mitochondrial matrix, are also associated with 
PEO.  ANT1  mutations alter the mitochondrial nucleotide 
pool which adversely affects mtDNA replication and 
availability of ADP, thus negatively impacting on the rate 

of oxidative phosphorylation. Both familial and sporadic 
missense mutations of ANT1 are thought to occur within 
the transmembrane domains of the protein  [49] . 

  Nucleotide Imbalance and mtDNA Depletion 
 mtDNA depletion syndrome is a recently recognized 

disorder involving a quantitative defect of mtDNA. It 
presents in infancy and is associated with mutations in 
proteins that are predominantly involved in dNTP syn-
thesis (mitochondrial and cytosolic) including TK2 (en-
coding mitochondrial thymidine kinase), DGUOK (de-
oxyguanosine kinase) and SUCLA1 and 2 ( � - and  � -sub-
unit of the mitochondrial matrix enzyme succinyl-CoA 
synthetase) among others  [50–52] . Constant supplies of 
dNTPs are crucial for the maintenance of mitochondrial 
genomic integrity, which are either supplied by import of 
cytosolic dNTPs or by salvaging deoxynucleosides with-
in mitochondria. Alterations in the cellular nucleotide 
pool generate a promutagenic state and inefficient DNA 
repair and synthesis propagating mitochondrial muta-
genesis  [53] . The first identified mitochondrial disease as-
sociated with the dNTP pool is mitochondrial neurogas-
trointestinal encephalomyopathy (MNGIE), which is 
characterized by ocular defects such as ophthalmoplegia 
and pigmentary retinopathy  [54] . It is of further interest 
to note that nucleotide imbalance, such as that observed 
in MNGIE, is highly mutagenic and has the potential to 
impair the DNA repair processes  [55] .

  Mitochondrially Generated ROS 

 Mitochondria account for the bulk of endogenously 
formed ROS in most cells  [17, 56, 57]  with the mitochon-
drial respiratory chain acting as the major intracellular 
source of ROS  [58–60] . An unavoidable respiratory elec-
tron leak from complexes I and III results in the for mation 
of superoxide, O2·–, which can react with lipids, protein and 
DNA  [61–64] . The O2·– can be readily converted into H 2 O 2  
either spontaneously or via a dismutation reaction involv-
ing manganese superoxide dismutase (MnSOD), a resi-
dent of the mitochondrial matrix. In the presence of redox 
active metal ions, H 2 O 2  may, via the Fenton reaction, gen-
erate the highly reactive hydroxyl radical (OH � )  [56] . The 
OH �  radical is responsible for multiple sites of mtDNA 
damage including single- and double-strand breaks, aba-
sic sites and base modifications. 

  A further oxidative burden is caused by damage in-
duced by O2·– to Fe-S centers of mitochondrial proteins 
and includes subunits of complexes I, II and III as well as 
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aconitase  [65–67] . Labile Fe-S enzymes such as mito-
chondrial aconitase, offer an important target for ROS. 
Of particular relevance to the eye, mitochondria located 
in cells exposed to visible light generate ROS via interac-
tions with mitochondrial photosensitizers, like cyto-
chrome c oxidase, to generate ROS and mtDNA damage 
 [68, 69] . The transfer of energy from photoactivated chro-
mophores to oxygen leads to the formation of singlet ox-
ygen,  1 O 2 , which exists in an excited state.  1 O 2  can gener-
ate ROS such as O2·– by interacting with diatomic oxygen 
and by reacting directly with electrons with double bonds 
without the formation of free radical intermediates  [70] . 

  It is also important to note that specific tissues within 
the eye can also generate significant levels of ROS from 
nonmitochondrial sources. For example, lipofuscin (an 
age-related pigment that accumulates in RPE cells with 
age) is a potent photoinducible generator of ROS, and, in 
microvascular endothelial cells, NADPH oxidase is con-
sidered to be a major source of superoxide. Studies sug-
gest that these ROS can also contribute to exogenous ox-
idative damage of the mitochondria, thus exacerbating 
mitochondrial dysfunction  [69, 71, 72] .

  Mitochondrial Genome 

 Mitochondria are semiautonomous organelles that 
contain multiple copies of the 16,569-bp circular
mtDNA. The mitochondrial genome encodes 37 genes, 
with 13 genes encoding protein subunits of the electron 
transport chain, and 24 genes encoding tRNAs and ri-
bosomal RNAs needed for protein synthesis  [73] . More-
over, a noncoding region referred to as the displacement 
loop or regulatory region is required for initiation of 
transcription and DNA synthesis. This noncoding re-
gion contains 2 hypervariable segments (HVS-I and 
HVS-II) with high polymorphism  [74, 75] . The replica-
tion and repair of the mitochondrial genome are dis-
tinct from those of the nucleus and continue in postmi-
totic cells, such as the RPE and photoreceptors. The 
maintenance and repair of mtDNA are completely de-
pendent upon proteins transcribed by the nuclear ge-
nome. mtDNA is organized into nucleoprotein com-
plexes known as nucleoids that contain proteins direct-
ly bound to the DNA and which appear to associate 
mtDNA with the inner mitochondrial membrane  [76] . 
It is generally assumed that the mtDNA is more sensitive 
to ROS and other chemicals compared to the nDNA 
 [77] .

  mtDNA Damage and Repair 

 The stability of the mitochondrial genome is frequent-
ly challenged by endogenous and exogenous agents, in-
cluding ROS which constitute the major endogenous 
source of mtDNA damage. mtDNA is particularly vul-
nerable to oxidative damage, due in part to its close prox-
imity to the inner mitochondrial membrane where the 
majority of the ROS are generated and the fact that it does 
not contain histones which are thought to act as a physi-
cal barrier against ROS in the nuclear genome  [6] . Fur-
thermore it appears that oxidative damage to mtDNA is 
more extensive and persists longer compared to nDNA 
damage  [77] . Such ROS-induced mtDNA damage in-
cludes base modifications, abasic sites, strand breaks and 
bulky adducts as well as a number of covalent modifica-
tions to DNA, which encompass single-nucleobase le-
sions, strand breaks, inter- and intrastrand cross-links, 
along with protein-DNA cross-links  [78, 79] . The most 
studied oxidative lesion, 8-oxo-2 � -deoxyguanosine, is ca-
pable of pairing with an adenine as well as cytosine dur-
ing DNA replication, thus resulting in a G:C-to-T:A 
transversion mutation after 2 rounds of replication. In-
terestingly, levels of 8-oxo-2 � -deoxyguanosine are greater 
in the mtDNA compared to the nDNA and are strongly 
correlated with large-scale mitochondrial deletions  [80] .

  Mitochondria have less capacity for DNA repair than 
do nuclei  [77, 81] , and this is exacerbated by components 
of the mtDNA repair pathway being sensitive to oxidative 
inactivation  [82] . Although the nucleotide excision repair 
pathway and recombination repair are absent in mito-
chondria, it is now known that mitochondria do indeed 
possess multiple alternative DNA repair pathways  [6] . 
Oxidative mtDNA damage is thought to be repaired pri-
marily by base excision repair  [6, 83–86] . Double-strand 
break repair and mismatch repair have also been recent-
ly reported to be active in the mitochondria  [87, 88] . DNA 
repair enzymes that are active against alkylated bases 
have also been identified within the mitochondrial com-
partment, and alkylated mtDNA is efficiently repaired in 
the mitochondria  [6, 84, 89] . Thus, as the mtDNA mole-
cule is highly susceptible to ROS-induced damage and 
mtDNA integrity is critical for cell survival, it is not sur-
prising that multiple DNA repair pathways have evolved 
within the mitochondria  [90] . The fact that each mito-
chondrion contains multiple copies of mtDNA also pro-
vides a significant measure of protection, given that het-
eroplasmic mutations do not lead to mitochondrial mal-
function until they become the predominant species (see 
below).
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  Stochastic Mitochondrial Damage and Ocular 
Degeneration 

 Ocular tissues, including the retina, the optic nerve, 
photoreceptor cells and lens, exist in highly oxidizing mi-
croenvironments that are subjected to constant damag-
ing light and/or UV wavelengths together with high oxy-
gen fluxes, which strongly promote oxidative damage  [4, 
69, 91, 92] . Furthermore, environmental insults such as 
smoking add to the level of oxidative stress  [93] . Research 
over the last few decades has provided compelling evi-
dence of oxidative-stress-induced damage to mitochon-
dria affecting protein, lipid and DNA and that resultant 
mitochondrial dysfunction contributes to the pathogen-
esis of several ocular disease(s) and in the aging process 
itself  [4, 6, 92, 94]  ( fig. 1 ,  2 ). Because animal mitochondria 
are deficient in nucleotide and excision repair pathways 
 [77] , stochastic mtDNA defects can remain for life lead-
ing to the concept of ‘metabolic memory’  [95] .

  Age-Related Macular Degeneration 
 There is now strong support for mitochondrial ge-

nomic dysfunction being involved in AMD from clini-
cal studies and animal models. There is a significant de-
crease in number and area of RPE mitochondria with 
increasing age, and these age-related changes are sig-
nificantly increased in the eyes of AMD donors  [96] . Re-
cently, mtDNA haplogroups have been identified that 
are associated with either increased or decreased
prevalence of age-related maculopathy  [97–99] . These
findings suggest that the bioenergetic consequences of 
mtDNA derangements may be expressed in macular 
RPE as a maculopathy or contribute to the development 
of AMD. A strong association between a variant of 
LOC387715/ARMS2 and AMD has been reported  [100, 
101] . Early reports suggested that ARMS2 is a mitochon-
drial protein, though these results have been questioned 
 [102] .

  Evidence from a number of studies now strongly sup-
ports that mitochondrial dysfunction initiated by
mtDNA damage is a feature that underlies the develop-
ment of retinal aging and AMD. Increased mtDNA de-
letions have been documented in aged human and ro-
dent retinas  [103, 104]  and increased mtDNA damage 
and decreased repair are associated with aging and 
AMD  [104, 105] . Furthermore, the repair of the RPE mi-
tochondrial genome appears to be slow and relatively 
inefficient  [106] . Photoreceptor outer segments have 
been shown to damage RPE mtDNA in vitro, by a burst 
of ROS generated during ingestion. Blue light exposure 

also harms mitochondrial respiratory activity and dam-
ages mtDNA  [69] . In addition, a recent report shows that 
the aged RPE and choroid of rodents suffer extensive 
mtDNA damage and that this is likely to be due to de-
creased DNA repair capability  [104] . Changes in select-
ed redox proteins and proteins involved in mitochon-
drial trafficking  [107–109]  and a decrease in RPE
mitochondrial respiration also correlate with AMD 
progression  [105] . Knockdown of MnSOD, the mito-
chondrial antioxidant responsible for neutralizing su-
peroxide anions, results in pathological lesions in mice 
similar to those observed in ‘dry’ AMD  [110] . Ex vivo 
studies show that RPE cells exposed to high levels of 
ROS suffer preferential damage to mtDNA and subse-
quent repair is poor  [89, 111, 112] .

  Uveitis 
 Intraocular inflammation, commonly referred to as 

uveitis, is a principal causative factor underlying blind-
ness from retinal photoreceptor degeneration. Oxidative 
retinal damage in uveitis is caused by activated macro-
phages, which generate various cytotoxic agents, includ-
ing inducible nitric oxide produced by inducible nitric 
oxide synthase, O2·– and other ROS  [113] . Oxidative stress 
plays an important role in the photoreceptor mitochon-
dria during the early phase of experimental autoimmune 
uveitis (EAU). It has been shown that mtDNA damage 
occurs early in EAU; interestingly, nDNA damage oc-
curred later in EAU  [5] . Furthermore, mitochondrial pro-
teins in the photoreceptor inner segments are modified 
by peroxynitrite-mediated nitration  [114]  which, in turn, 
leads to increased generation of mitochondrial ROS. In 
support of an increased state of mitochondrial oxidative 
stress, MnSOD has been shown to be upregulated during 
EAU, presumably to counteract ROS  [115] . Recent data 
appear to suggest a causative role of oxidative mtDNA 
damage in the early phase of EAU, before leukocyte infil-
tration. Such oxidative damage in the mitochondria may 
be the initial event leading to retinal degeneration in uve-
itis  [5] .

  Glaucoma 
 Increasingly persuasive evidence suggests that glauco-

matous tissue damage initiated by elevated intraocular 
pressure and/or tissue hypoxia also involves oxidative 
stress. Experimental elevation of intraocular pressure in-
duces oxidative stress in the retina. It also appears that 
mitochondrial oxidative stress may have an important 
role in glaucomatous neurodegeneration  [116–118] . In 
glaucoma there is evidence that mitochondrial dysfunc-
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tion may lower the bioenergetic state of retinal ganglion 
cells leading to an increased susceptibility to oxidative 
stress and apoptotic cell death  [118, 119] . In addition, light 
exposure may be an oxidative risk factor, whereby it re-
duces mitochondrial function and increases ROS pro-
duction in ganglion cells  [120] . Mitochondrial dysfunc-
tion has also been implicated in neuronal apoptosis in 
experimental models of glaucoma  [121, 122] . mtDNA ab-
normalities further support a role of mitochondrial-dys-
function-associated stress as a risk factor for glaucoma 
patients  [123] .

  Diabetic Retinopathy 
 Mitochondrial dysfunction has been shown to play an 

important role in diabetic retinopathy  [94, 118] . Retinal 
mitochondria experience increased oxidative stress in 
diabetes, and complex III is one of the major sources of 
the increased O2·–  [124] . Superoxide levels are elevated in 
the retina of diabetic rats and in retinal vascular endo-
thelial cells incubated in high-glucose media  [125] , and 
hydrogen peroxide content is increased in the retina of 
diabetic rats  [126] . Membrane lipid peroxidation and ox-
idative damage to DNA, the consequences of ROS-in-
duced injury, are elevated in the retina in diabetes  [127] . 
Chronic overproduction of ROS in the retina results in 
aberrant mitochondrial functions in diabetes  [94] , and 
hyperglycemia-induced overproduction of superoxide 
by the mitochondrial electron transport chain is consid-
ered to activate the major pathways of hyperglycemic 
damage by inhibiting GAPDH activity. However, the 
mechanism by which hyperglycemia causes an increase 
in mitochondrial ROS is not yet fully understood, with 
some implicating a direct effect and others an indirect 
role via high-glucose-induced cytokines  [128–131] . Ele-
vated O2·– levels activate caspase 3 which leads to cell 
death in the retinal capillaries  [94] . Upregulation of 
SOD2 inhibited diabetes-induced increases in mito-
chondrial O2·–, restored mitochondrial function and pre-
vented vascular pathology both in vitro and in vivo    [124, 
132–134] . However, timing of such treatments is critical 
since animal studies have demonstrated that oxidative 
stress contributes not only to the development of dia-
betic retinopathy, but also to the resistance of retinopa-
thy to reversal after good glycemic control has been re-
instituted – the metabolic memory phenomenon  [135] . 
Resistance of diabetic retinopathy to reversal is possibly 
attributable to accumulation of damaged molecules in 
mitochondria and ROS-induced damage that is not eas-
ily removed even after good glycemic control has been 
reestablished. However, the accumulation of advanced 

glycation end products is also implicated in metabolic 
memory  [136] .

  Variation in mtDNA has also been linked to resistance 
to type 1 diabetes. A single nucleotide change (C5173A), 
resulting in a leucine-to-methionine amino acid substi-
tution in the mitochondrially encoded NADH dehydro-
genase subunit 2 gene, is associated with resistance to 
type 1 diabetes in a Japanese population  [137] . Similarly, 
an orthologous polymorphism (C4738A), resulting in an 
L-to-M substitution, provides resistance against the de-
velopment of spontaneous diabetes compared with the 
diabetes-prone nonobese diabetic mouse strain  [138] . 
Gusdon et al.  [139]  have shown that the methionine sub-
stitution results in a lower level of ROS production from 
complex III.

  Cataract 
 Oxidative stress plays a significant role in cataracto-

genesis  [92, 140] . The lens is highly susceptible to ROS, 
and mitochondria are located in the epithelium and su-
perficial fiber cells. Interestingly, in these cell types, the 
mitochondria have been confirmed as the major source 
of ROS generation  [141] . Several in vitro studies have 
demonstrated that human lens cells are highly suscepti-
ble to oxidative insults, in which antioxidant activity is 
generally inversely proportional to cataract severity  [142] . 
Oxidation of proteins, lipids and DNA has been observed 
in cataractous lenses  [143–145] . Proteins from catarac-
tous lenses lose sulfhydryl groups, contain oxidized resi-
dues, generate high-molecular-weight aggregates and be-
come insoluble  [140] . In addition, cataract has been 
shown to be a symptom of a newly identified mitochon-
drial disease called autosomal-recessive myopathy, 
caused by mutations in the growth factor, augmenter of 
liver regeneration gene, which affects protein levels of the 
mitochondrial intermembrane space  [146] .

  Conclusion 

 The findings discussed highlight the importance of 
mtDNA damage arising from both stochastic ROS and 
maternally inherited mutations. mtDNA genomic insta-
bility is a principal defect in the etiology of multiple dis-
eases that result in ocular manifestations (summarized in 
 fig. 2 ). Continued research in this clinically relevant area 
will undoubtedly provide a greater understanding of how 
deficiencies/failure of the mitochondrial genome contrib-
ute to the pathogenesis of degenerative diseases. Future 
challenges will involve developing therapeutic strategies 
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and there is mixed evidence on their associations with cata-
ract and AMD from epidemiological studies. Most epidemio-
logical studies have been conducted in well-nourished west-
ern populations but evidence is now emerging from other 
populations with different dietary patterns and antioxidant 
levels.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Cataract and age-related macular degeneration (AMD) 
are the major causes of vision impairment and blindness 
worldwide and occur almost exclusively in the older pop-
ulation  [1] . AMD and cataract are typical age-related con-
ditions. The prevalence is low in middle age and rises 
with advancing age. AMD and cataract are not found at 
younger ages (other than for rare genetic types or due to 
environmental insults such as trauma or extreme light 
exposure); earlier, usually asymptomatic, signs of the 
conditions are, however, found in middle age or earlier in 
late life, and both the prevalence of these earlier signs and 
their severity increases with advancing age. A pooled 
analysis of the major population-based studies in devel-
oped country settings (mainly the USA) described preva-
lence rates of significant lens opacities ranging from 
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 Abstract 
 Cataract and age-related macular degeneration (AMD) are 
the major causes of vision impairment and blindness world-
wide. Both conditions are strongly age related with earlier 
signs (usually asymptomatic) occurring in middle age and 
becoming severer and more prevalent with increasing age. 
The aetiology of these conditions is thought to fit with the 
‘free radical theory’ of ageing which postulates that ageing 
and age-related diseases result from the accumulation of 
cellular damage from reactive oxygen species (ROS). Mito-
chondrial energy production is a major source of endoge-
nous ROS. External sources of ROS include environmental 
sources especially solar radiation, biomass fuels and tobacco 
smoking. There is strong evidence from epidemiological 
studies that smoking is a risk factor for both cataract and 
AMD. There is moderate evidence for an association with 
sunlight and cataract but weak evidence for sunlight and 
AMD. The few studies that have investigated this suggest an 
adverse effect of biomass fuels on cataract risk. The antioxi-
dant defence system of the lens and retina include antioxi-
dant vitamins C and E and the carotenoids lutein and zinc, 
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around 2% at ages 40–49, 15% at ages 60–64 up to over 
50% of those aged 75  [2] . In low-income countries, the 
prevalence of significant lens opacities is much higher 
than at comparable ages in developed country settings, a 
finding which does not appear to be explained solely by 
better access to cataract surgery  [3]  and may give clues to 
environmental or genetic factors. AMD also shows a sim-
ilar pattern with asymptomatic retinal changes being 
more prevalent in late middle age while the prevalence of 
late AMD (subtypes choroidal neovascularization and 
geographic atrophy) rises exponentially with advancing 
age from the sixth decade. Studies have shown that by 
ages 65–69, up to half of men and women in the popula-
tion have drusen and/or pigmentary irregularities  [4–6] . 
The prevalence of late AMD is of the order of 3–5% in the 
population aged over 65 years, rising to around 20% in 
people aged 85 years and over  [4, 7] .

  The aetiology of AMD and cataract can be seen with-
in the framework of ageing and age-related conditions 
considered to result from the lifelong accumulation of 
molecular damage, in particular from reactive oxygen 
species (ROS). In the retina, manifestations of ROS dam-
age – lipofuscin accumulation, drusen formation and 
damage to Bruch’s membrane – are considered to be crit-
ical factors in the development of AMD  [9]  while in the 
lens ROS damage to the lens includes oxidation of  � -crys-
tallin protein disrupting the refractive index, light scat-
tering and loss of transparency  [10] . In addition to oxida-
tive stress, advanced glycation end products accumulate 
with age and are more common in ageing cells, such as 
the nuclear fibres, drusen and Bruch’s membrane, in peo-
ple with diabetes and in smokers  [11] . 

  Endogenous Sources of ROS – The Importance of 
Mitochondria 

 Over 50 years ago, Harman  [12]  proposed that endog-
enous free radical damage led to the degenerative chang-
es associated with ageing and some 20 years later further 
hypothesized that mitochondrial energy production was 
the major source of cellular free radicals  [13] . Evidence 
from numerous subsequent studies has confirmed the 
importance of mitochondrial respiration  [14]  with esti-
mates that up to 90% of cellular ROS originate in the
mitochondria  [15] . Further evidence for the role of
mitochondria in ageing include the elucidation of the
mitochondrial antioxidant defence system, the age-
related accumulation of mitochondrial damage from 
ROS including increased generation of ROS, mito-

chondrial apoptosis and deletions in mitochondrial DNA 
(mtDNA).

  Much of the research on mitochondrial function and 
mtDNA variants has been undertaken in laboratory ani-
mals using measures of ageing or specific organs, in par-
ticular the brain  [16] , and studies of Parkinson’s disease 
and Alzheimer’s disease  [17] , and only recently have stud-
ies on mitochondrial function in age-related eye disease 
emerged  [18, 19]  with several studies describing associa-
tions with AMD and variants in mtDNA independent of 
associations with variants in the nuclear genome  [20–22] .

  Caloric restriction has been proposed as a method to 
decrease mitochondrial ROS generation. Much of the evi-
dence is based on carefully controlled experiments with 
laboratory animals including primates and studies from 
highly selected groups of human volunteers although the 
first results from randomized controlled trials (RCTs) are 
emerging  [23] . No study has investigated the effects of ca-
loric restriction on cataract or AMD or any other age-re-
lated eye conditions. However, since cataracts are more 
prevalent in populations characterized by indices of poor 
nutrition including anthropometric measures (low body 
mass index)  [24]  or low levels of antioxidant vitamins  [25] , 
it is clear that caloric restriction must be considered in the 
context of the overall nutritional quality of the diet. Con-
versely, there is some evidence from well-nourished west-
ern populations that indicators of excess caloric consump-
tion such as obesity are associated with cataract  [26]  and 
AMD  [27]  although whether these associations are inde-
pendent of the association with diabetes remains unclear.

  Exogenous Sources of ROS 

 Exogenous sources include environmental factors 
such as solar radiation, particulates (e.g. from burning 
fossil fuels or biomass fuels) or tobacco. The eye is par-
ticularly exposed to the damaging effects of light. Visible 
light consists of wavelengths between 400 and 700 nm 
corresponding to colour ranges from violet/blue light 
(shortest wavelengths) to orange and red. Ultraviolet 
light radiation (UVR), not visible to the human eye, cov-
ers a range of shorter wavelengths beyond 400 nm and 
consists of UVA (315–400 nm), UVB (280–315 nm) and 
UVC (less than 280 nm). The shorter wavelengths of light 
have the highest energy compared to longer wavelengths 
and hence the greatest potential for adverse effects, e.g. by 
ROS generation. All UVC and around 90% of UVB light 
is absorbed by the ozone layer. The retina is protected 
against UVR by the cornea and the lens, which absorbs 
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wavelengths below 370 nm increasing to up to 470 nm as 
the lens yellows with age, and opacities, especially nucle-
ar opacities, are formed  [28] .

  The lens and retina contain a number of potent anti-
oxidants, some at very high concentrations compared to 
elsewhere in the body. These include glutathione and re-
lated enzymes, principally glutathione reductase and glu-
tathione peroxidase. Others include superoxide dis-
mutase and catalase, antioxidant vitamins like vitamin 
C, E and the carotenoids (carotene, lutein and zeaxan-
thin) and minerals such as selenium (lens) and zinc (ret-
ina)  [9] . The antioxidant enzymes are the first-line de-
fence system supported by the antioxidant vitamins. Vi-
tamin C (ascorbate) is the most important antioxidant 
vitamin in the lens and found in the aqueous at concen-
trations of 30- to 50-fold that of the plasma  [29] . Vitamin 
E is found in the lens but at similar levels to those in the 
plasma. Vitamin C acts synergistically with vitamin E, 
and both vitamins C and E maintain the antioxidant ac-
tivity of glutathione  [30] . Lutein and zeaxanthin are the 
main lens carotenoids; very little  � -carotene is present 
 [31] . The only carotenoids found in the retina are lutein 
and zeaxanthin which are present in very high concentra-
tions in the macula. These carotenoids scavenge singlet 
oxygen (one of the most damaging ROS) and also protect 
the cell membranes from lipid oxidation. In addition they 
filter harmful blue light  [32] . Zinc is found in high con-
centrations in photoreceptors and RPE cells. These anti-
oxidants cannot be synthesized by the body and must be 
obtained from dietary sources.

  Epidemiological Evidence on Exogenous Oxidative 
Stress 

 Light Exposure 
 Few studies have investigated associations of solar ra-

diation and lens opacities or AMD in human popula-
tions, perhaps because of the challenges of measurement 
of long-term exposures. Exposure to sunlight has been 
related to cortical cataracts in some studies but not ob-
served in all  [33] . Two studies have reported an associa-
tion with nuclear cataract  [34, 35]  but this was not found 
in other studies. Similarly, the evidence has been incon-
sistent for AMD. A study of fishermen found an associa-
tion with estimated 20-year exposure to blue light and 
risk of geographic atrophy  [36] . The Beaver Dam and 
POLA studies estimated potential maximum UVR expo-
sure  [37, 38]  based on residence but did not take account 
of the actual time spent outdoors or the use of ocular pro-

tection. Neither study found an association with UVR 
and AMD while the POLA study found a reduced asso-
ciation of increasing UVR with early AMD  [38] . Other 
studies based only on self-reports of time spent outdoors 
found either no association  [39–41]  or that leisure time 
outdoors in young adult life was associated with early, but 
not late, AMD  [42] . All previous studies examined only 
the effects of sunlight exposure and did not take account 
of other factors such as diet although it is plausible that 
the adverse effects of sunlight are modified by diet, spe-
cifically antioxidants. The EUREYE study investigated 
this hypothesis  [8] . Blue light exposure was estimated 
from meteorological data based on lifetime residence and 
information on terrain and cloud cover. Information 
from the questionnaire on outdoor exposure and the use 
of ocular protection during different life periods was 
used to estimate the proportion of maximum exposure 
actually experienced by an individual. The results showed 
a significant adverse association of blue light exposure on 
the risk of late AMD (choroidal neovascularization) in 
those with the lowest antioxidant levels (defined as those 
in the lowest quarter) of vitamin C, zeaxanthin, vitamin 
E and dietary zinc with an odds ratio (OR) of about 1.4 
for 1 standard deviation unit increase in blue light expo-
sure (fig.  1). Higher ORs (around 4-fold) for blue light 
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  Fig. 1.  Association of mean annual midday blue light exposure 
with neovascular AMD by age at exposure in those with lowest 
joint quartiles of vitamin C, zeaxanthin and vitamin E: odds ra-
tios with 95% confidence intervals (expressed as vertical bars). 
From Fletcher et al.  [8] .   
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were observed for those who were in the lowest quartile 
for several antioxidants, such as vitamin C, zeaxanthin 
and vitamin E ( table 1 ).

  Biomass Fuels 
 Biomass fuels such as wood, crop residues and dried 

cow dung are common sources of cheap cooking fuel in 
many low-income countries. The smoke from combus-
tion of these fuels includes small respirable particles, car-
bon monoxide, nitrogen, formaldehyde and polyaromat-
ic hydrocarbons. The adverse effect of biomass fuels on 
human health is well documented especially for respira-
tory conditions  [43] . The evidence for eye problems is 
scanty but suggests that indoor air pollutants may repre-
sent a major environmental exposure for cataracts. All 
studies to date have been conducted in India where bio-
mass fuel use is highly prevalent especially in the rural 
areas. Two hospital-based case-control studies  [44, 45]  
found increased risks associated with cheap cooking fu-
els (ORs of 4.13 and 1.6, respectively) while one commu-
nity-based study  [46]  in two regional areas found an in-
creased OR (1.8) with use of cheap cooking fuels and cat-
aract, in one area but a reduced association in another. A 
recent case-control study  [47]  reported that, compared to 
clean fuels (biogas, liquefied petroleum gas or kerosene), 
use of biomass fuel in a stove without a chimney was as-
sociated with a 2-fold risk of cataract. Lack of kitchen 

ventilation was also an independent risk factor for cata-
ract. The plausibility of these associations with biomass 
fuels is supported by studies in rats showing that smoke 
condensates prepared from wood smoke result in lens 
opacification  [48]  possibly as a result of damage to the 
lens transport systems leading to an accumulation of 
smoke metabolites  [49] . However, since many of the con-
stituents of biomass fuels are also found in tobacco 
smoke, it is likely that other adverse effects of biomass 
fuels on lens opacities are similar to those found for to-
bacco. Adverse effects of biomass fuels are also likely 
therefore to affect AMD; however, currently no studies 
have examined this.

  Tobacco Use 
 Cigarette smoking is a risk factor for most age-related 

conditions and has been consistently identified as a risk 
factor for cataract and AMD. That the association is like-
ly to be causal is suggested by the consistency of the as-
sociation across different study designs and populations, 
a dose-response relationship and a reduction in risk with 
length of cessation. A meta-analysis for AMD  [50]  based 
on 5 prospective studies and 8 case-control studies re-
ported that current smoking was associated with an ap-
proximately 2-fold risk of AMD and past smoking around 
1.5. A systematic review of 27 studies of smoking and cat-
aract reported 3-fold incidence rates of nuclear cataract 

Table 1. A ssociation of midday blue light exposure with neovascular AMD by joint low levels of antioxidants

Joint lowest quartile of antioxidants OR 95% CI p value1 p value2

Vitamin C and zeaxanthin 1.66 1.15–2.38 0.02 0.05
Vitamin C and lutein 1.37 0.60–3.09 0.4 0.6
Vitamin C and �-tocopherol 2.47 1.65–3.67 0.001 <0.01
Vitamin C and dietary zinc3 1.53 1.20–1.95 0.005 0.03
Zeaxanthin and lutein 1.43 0.75–2.73 0.2 0.4
Zeaxanthin and �-tocopherol 2.34 1.61–3.40 0.001 <0.01
Zeaxanthin and dietary zinc3 2.60 2.33–2.88 <0.001 <0.001
Lutein and �-tocopherol 1.57 0.64–3.86 0.3 0.4
Vitamin C and zeaxanthin and �-tocopherol 3.72 1.56–8.88 0.01 0.02
Vitamin C and lutein and �-tocopherol 2.61 0.49–13.90 0.2 0.3
Vitamin C and zeaxanthin and dietary zinc3 1.97 0.26–1.17 0.1 0.1

F rom Fletcher et al. [8]. CI = Confidence interval; midday = 11 a.m. to 3 p.m.; joint lowest quartile = combined lowest quartiles. OR 
was assessed for the effect of 1 SD increase in blue light exposure, adjusted for age, sex, smoking status, diabetes, cardiovascular dis-
ease, education, aspirin use, retinol and cholesterol level. 

1 Test of effect of blue light exposure. 
2 Test of interaction between joint lowest quartile of antioxidants with blue light exposure on association with neovascular AMD. 
3 Adjusted for energy intake. 
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with smoking  [51] . The evidence was less strong for pos-
terior subcapsular or cortical cataract. These studies were 
based primarily on data from western populations where 
manufactured cigarettes are the main form of tobacco 
use. In other populations alternative forms of tobacco in-
clude home-grown tobacco such as beedies in India, or 
tobacco chewing or pipe smoking (hookah). Although 
the data are sparse, there is some suggestion that beedies 
confer less or even no risk of cataract. In the Andhra 
Pradesh Eye Study, western style cigarettes were associ-
ated with a 1.5-fold risk of cataract and hookahs with a 
non-significant 6-fold risk (few hookah smokers in the 
study)  [52] . There was a borderline significantly reduced 
association of beedie smoking (OR = 0.8). In 2 other stud-
ies in India, either no  [44]  or a weak association  [24]  was 
found but these studies did not report the type of ciga-
rettes smoked. Smoking tobacco (92% smoked beedies) 
was not a risk factor for cataract in a further study  [53]  
but tobacco chewing (common in the south Indian popu-
lation) was associated with a 1.5-fold increased risk. 
Beedies contain less tobacco than manufactured ciga-
rettes and combust poorly; it is plausible therefore that 
beedies have less adverse effects compared to tobacco 
smoke. 

  In addition to ROS generation, smoking depletes plas-
ma antioxidant levels  [54]  and macular pigment (thought 
to protect against AMD). Both smokers and chewers of 
tobacco have been shown to exhibit higher levels of cad-
mium in blood and lens  [55] . Cadmium has a range of 
adverse effects resulting in depleted superoxide dis-
mutase status.

  Epidemiological Evidence on Antioxidants 

 Because of their concentrations and antioxidant ac-
tivities in the lens and retina, most studies have investi-
gated vitamins C and E and the carotenoids lutein and 
zeaxanthin. Although the evidence does support a role 
for antioxidants in the aetiology of AMD and cataract, 
the evidence for one specific antioxidant over another is 
inconsistent and only partly accounted for by variations 
in study design and the methods used to assess antioxi-
dant levels  [56] . For the most part, studies have focused 
on one single antioxidant in exploring associations, al-
though synergistic effects of antioxidants are well known. 
The few studies that have attempted to construct an over-
all antioxidant index or examined combinations of the 
key antioxidants have found inverse associations sup-
porting the overall antioxidant hypothesis; for example, 
a high dietary intake of  � -carotene, vitamins C and E, 
and zinc was associated with a substantially reduced risk 
of AMD in elderly persons in the Rotterdam Study  [57]  
( table 2 ).

  Studies have also examined associations between pat-
terns of diet. A higher frequency of intake of spinach or 
collard greens was associated with a substantially lower 
risk for neovascular AMD in one study  [58] ; conversely 
fruit intake but not vegetables or carotenoids was inverse-
ly associated with neovascular AMD in the Health Pro-
fessionals’ and Nurses’ Studies  [59] . Women in the high-
est 2 quartiles of a Healthy Eating Index had a 50% reduc-
tion in risk of lens opacities; milk, fruit and variety (but 
not vegetable intake) made the strongest contribution to 

Table 2. R isk of AMD by category of combined intake of 4 predefined antioxidant nutrients (vitamins C and E, �-carotene and zinc)

Category of dietary intake
low (n = 466) middle (n = 3,270) high (n = 434)

Cases of AMD 76 (16.3%) 422 (13.5%) 42 (9.7%)
Hazard ratio

Unadjusted 1.31 (1.03–1.67) 1.00 0.65 (0.48–0.89)
Age- and sex-adjusted 1.23 (0.97–1.58) 1.00 0.68 (0.49–0.93)
Fully adjusted 1.20 (0.92–1.56) 1.00 0.65 (0.46–0.92)

F rom van Leeuwen et al. [57]. Ranges in parentheses indicate 95% confidence intervals. Categories were defined by using the me-
dian energy-adjusted daily intake as a cutoff value and classifying above-median intake of all nutrients as high intake and below-me-
dian intake of all nutrients as low intake. Cutoff values were: 114 mg for vitamin C, 13 mg for vitamin E, 3.6 mg for �-carotene and 9.6 
mg for zinc. Fully adjusted = Adjusted for age, sex, body mass index, smoking status, pack-years of smoking, systolic blood pressure, 
atherosclerosis composite score, serum total cholesterol and alcohol intake. 
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reduced risk  [60] . The overwhelming majority of epide-
miological studies have been conducted in well-nour-
ished western populations. In a study in North India, lev-
els of antioxidants (measured in the blood) were lower 
than reported in western studies, especially vitamin C 
 [25] . Inverse associations were found with a number of 
antioxidants (including vitamin C, zeaxanthin and reti-
nol) and cataract.

  The evidence from high-quality RCTs of supplementa-
tion on cataract risk or progression have mainly been 
negative. No benefit was observed in the AREDS trial for 
high-dose antioxidant supplements ( � -carotene, vitamin 
C and vitamin E)  [61]  or the VECAT study using high-
dose vitamin E  [62] . Supplementation might be expected 
to have a stronger effect in an antioxidant-depleted popu-
lation but a trial in southern India found no benefit from 
supplementation with multivitamins (vitamins A, C and 
E) on the rate of progression of opacities over a 5-year pe-
riod  [63] . However, a recently published trial in an Italian 
population using a broad-spectrum multivitamin/min-
eral supplement found a reduced rate of progression of 
nuclear opacities and an increased risk of posterior sub-
capsular opacities  [64] . This trial was also of the longest 
duration (average of 9 years of supplement use). For AMD 
the strongest evidence of an effect of antioxidant supple-
mentation is provided by the AREDS trial  [65] , which 
demonstrated that among people with moderate signs of 
AMD at baseline taking a high dose of multivitamins (vi-
tamins A, C, E,  � -carotene) in combination with zinc was 
associated with an approximately 25% reduction in 5-year 
progression. The supplement doses used in the trial were 
very high, around 10 times of the recommended daily in-
takes. There is a concern about possible toxicity related to 
such high doses of antioxidant supplements. A recent me-
ta-analysis of well-conducted randomized trials (47 trials 
including AREDS, VECAT with 180,938 participants) 
found an increased mortality risk associated with supple-
mentation beyond the daily recommended doses with a 
risk estimate of 1.05 (95% confidence interval = 1.02–
1.08)  [66] . The adverse effect was observed for vitamin A, 
 � -carotene and vitamin E but not for vitamin C.

  The lack of clear evidence from RCTs of antioxidant 
supplementation on a variety of age-related diseases has 
led to claims that the evidence on antioxidants from ob-
servational studies is confounded by other factors associ-
ated with healthy diets  [67] . However, as argued else-
where  [68] , the notion that RCTs of one or even a few 
supplements over a relatively short period of time can test 
the evidence on an antioxidant-rich diet is misplaced. 
First because of the long period of time for the develop-

ment of late-life diseases and second because the synergy 
of the full package of dietary antioxidants cannot be re-
placed with a tablet. Further light on this debate may be 
provided by the recent identification of genetic variants 
that influence the blood levels of, and response to, anti-
oxidants  [69] . The association of these variants with dis-
ease should provide an unconfounded assessment of di-
etary hypotheses (so-called mendelian randomization).

  Variants in a gene affecting vitamin C transport
(SLC23A2) were associated with non-Hodgkins lympho-
ma  [70] , supporting evidence from epidemiological stud-
ies of a lower risk of non-Hodgkins lymphoma in those 
with higher intakes of fruits and vegetables. Currently the 
evidence for an association with variants influencing an-
tioxidant levels and disease risk is very limited for cata-
ract and AMD. In a case-control analysis from two popu-
lations (France and USA), a weak association between the 
heterozygote allele of a variant of the SCARB1 gene 
(rs5888) and AMD was found (OR = 1.4, 95% confidence 
interval = 1.0–1.8). SCARB1 mediates cholesterol uptake 
and is involved in the uptake of vitamin E and lutein  [71] .

  Conclusions 

 Some 60 years since first proposed, there has been a 
vast amount of work undertaken to elucidate the complex 
pathways and mechanisms relevant to the free radical 
theory of ageing. There are considerable challenges in in-
vestigating findings from laboratory studies in epidemio-
logical studies in humans. Epidemiological studies are 
required to provide the evidence supporting public health 
policies and interventions and to advise the public and 
patients about the risk or protective factors, especially 
lifestyle factors, under their control. To date the clearest 
evidence is the risk of cataract and AMD from smoking. 
Further understanding of the role of dietary factors, es-
pecially with reference to the antioxidant hypothesis, will 
be provided by studies in diverse populations which are 
now beginning to emerge. 
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 Accumulating changes in the microenvironment pro-
mote the aging of tissues and organs, which can eventu-
ally lead to their malfunction. The underlying mecha-
nisms have long been explored, and their molecular basis 
is beginning to emerge. In this section, we describe how 
aging is evaluated scientifically and why sirtuins are an 
important topic in aging science. We also discuss the pos-
sible role of sirtuins in retinal aging.

  Aging of a Tissue/Organ and DNA Instability 

 Aging research attracts the attention of researchers 
across various biological fields. Not only the length of the 
individual life span, but also the duration of tissue or or-
gan function is of interest. In skin biology, the mechanism 
of ‘photoaging’, through which skin aging is accelerated 
by light exposure, has been widely investigated  [1] . UV ir-
radiation results in DNA damage in skin cells, which trig-
gers DNA damage responses, including DNA repair. 
However, when the damage exceeds the ability of the cell 
to repair it, a cell cycle checkpoint response is triggered 
that leads to growth arrest and premature senescence, or 
to apoptosis, in order to prevent the genomic abnormality 
and instability from being inherited by other cells. In this 
case, aging is induced through an extrinsic mechanism.

  On the other hand, telomeres, protective DNA struc-
tures at the ends of the chromosomes, are progressively 

 Key Words 
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 Abstract 
 The process of aging involves the accumulating changes in 
the microenvironment that lead to cell senescence or apop-
tosis, and subsequent tissue or organ dysfunction. Multiple 
extrinsic and intrinsic events that cause DNA instability are 
associated with aging. Cells containing unstable DNA are bi-
ologically vulnerable, and if the DNA damage is too great for 
the cell to repair, it becomes senescent or dies by apoptosis. 
Thus, the cell’s capacity to repair its DNA determines the 
progress of aging, at least in part. Here, we focus on the sir-
tuins, the mammalian homologs of the yeast life-span-ex-
tending molecule, Sir2. Among the sirtuin family proteins in 
mammals, the one most similar to yeast Sir2 is SIRT1, which 
is involved in multiple pathways, including the repair of DNA 
double-strand breaks. Although the role of SIRT1 in mam-
malian longevity is not clear, it is expressed throughout the 
retina, where it may suppress aging. In fact, a mutant mouse 
model of retinal degeneration shows an abnormal subcel-
lular localization of SIRT1 protein and accelerated retinal cell 
apoptosis. Further analyses are required to elucidate the 
mechanism of DNA damage and repair, including the contri-
butions of the sirtuins, in the aged or diseased retinas, which 
will help us understand the mechanisms of retinal aging. 
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shortened during cell division, because the DNA repli-
cation machineries incompletely copy the 3 �  DNA ends, 
thereby inducing DNA loss  [2] . Finally, this intrinsic 
mechanism causes the telomeres to shorten beyond a 
critical point that elicits a DNA damage response. This 
response causes irreversible cell cycle arrest (senes-
cence), in cells that originally had normal genetic infor-
mation.

  Therefore, excessive DNA instability, induced by ex-
trinsic or intrinsic events, to a level beyond its ability to 
be repaired, causes cell cycle arrest or apoptosis. As the 
number of senescent cells increases and that of normal-
functioning cells decreases, the tissue/organ becomes 
compromised and aged. 

  The retina is part of the central nervous system, and 
mature retinal cells are thought never to divide under 
normal conditions. Thus, cell cycle withdrawal occurs 
physiologically. Most neuronal cells in the brain do not 
proliferate either. Thus, decreases in functioning cells in 
the central nervous system may more easily lead to tissue/
organ dysfunction and aging than in other parts of the 
body  [3, 4] . Abnormal DNA is a pathological finding as-
sociated with some age-related neurodegenerative diseas-
es, consistent with our understanding of aging as a con-
sequence of DNA instability.

  Various cytokines may also play a role in the aging 
process, again as a result of DNA instability  [2] . In senes-
cent human fibroblasts and epithelial cells, more than 40 
distinct molecules can be secreted in response to DNA 
damage. Thus, chronic, not transient, changes in the mi-
croenvironment, due to the secretion of cytokines such 
as interleukins 6 or 8, may be induced by DNA instability 
during tissue/organ aging.

  DNA Instability and Sirtuins 

 Once DNA damage occurs, it triggers a series of 
downstream events, the purpose of which is to maintain 
and promote the survival of the tissue/organ as a whole 
 [5, 6] . First, cell proliferation is interrupted to allow time 
for DNA repair before synthesis. Then, if the repair is 
unsuccessful, processes to eliminate the cells are initi-
ated. 

  Among the types of DNA damage, which include 
DNA single-strand breaks and base damage, DNA dou-
ble-strand breaks are the hardest to repair, since both al-
leles are damaged simultaneously, leaving no complete 
template for the repair. In one of the main repair systems 
for double-strand breaks, nonhomologous end-joining, a 

serine/threonine-specific protein kinase, ataxia telangi-
ectasia mutated (ATM), is induced and activates p53 to 
stop the cell cycle at the G 1  phase, preventing it from en-
tering the S phase ( fig. 1 ). Such a pause in cell cycle pro-
gression is termed a ‘cell cycle checkpoint’. ATM activates 
the E2f transcription factors, which upregulate SIRT1. 
Deacetylation by SIRT1 activates Ku70, a nonhomolo-
gous end-joining DNA repair protein, while SIRT1 activ-
ity inhibits excessive activation of p53 and apoptosis. 
Therefore, SIRT1 regulates DNA stability and promotes 
cell survival.

  SIRT1 is a mammalian homolog of yeast silent infor-
mation regulator (Sir) 2, which plays a role in the life span 
extension by caloric restriction in yeast  [7, 8] . Sirtuins are 
class III histone deacetylases, which require nicotin-
amide adenine dinucleotide (NAD) as a cofactor. There 
are 7 mammalian Sir2 family members, designated 
SIRT1–SIRT7  [3, 9–12]  ( table  1 ), with SIRT1 being the 
most highly related to yeast Sir2  [3, 9, 13, 14] . The contri-
bution of SIRT1/Sir2 to genome stability was shown in 
yeast cells and mouse embryonic stem cells  [4] . SIRT1, 

DNA damage

ATM

p53 E2fs

G –S checkpoint

(cell cycle arrest)
1

Apoptosis

SIRT1

Ku70

FOXO

GADD45

DNA repair

Survival

  Fig. 1.  SIRT1 in the DNA damage response. DNA damage (dou-
ble-strand breaks) induces ataxia telangiectasia mutated (ATM), 
which activates p53 to slow the cell cycle (cell cycle checkpoints) 
to gain time for DNA repair. ATM also activates SIRT1 through 
E2fs, which in turn activates Ku70 (a protein for double-strand 
break repair), for the purpose of DNA repair and cell survival, and 
suppresses p53, to inhibit apoptosis. SIRT1 can also associate with 
forkhead transcription factor (FOXO) to induce antiapoptotic 
factors, such as manganese superoxide dismutase and growth-
arrest- and DNA-damage-inducible protein 45 (GADD45, a pro-
tein for DNA repair).   
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like Sir2, modifies chromatin and silences the transcrip-
tion of integrated reporter genes via histone deacetylation 
 [15] . In  SIRT1 -deficient embryonic stem cells, oxidative-
stress-induced chromosomal fusions, which generally re-
sult from aberrantly repaired DNA, are clearly upregu-
lated  [4] . On the other hand, SIRT1 overexpression inhib-
its irradiation-induced cancers, by increasing DNA 
stability  [4] . This result is particularly interesting in view 
of possible cancer therapies. However, the potential roles 
of SIRT1 in life span regulation have not yet been docu-
mented.

  A biological role in aging was reported for SIRT6  [16] . 
In  SIRT6 -deficient mammalian cells (mouse embryonic 
fibroblasts and embryonic stem cells), proliferation is re-
duced, and sensitivity to DNA-damaging agents is in-
creased, as is DNA instability. These events are caused by 
defective base excision repair, a repair mechanism for 
DNA single-strand breaks. The  SIRT6 -deficient cells 
show chromosomal aberrations and genome instability, 
even in the absence of artificial stimuli. Moreover,  SIRT6 -
deficient mice have a reduced life span. This may be due 
to direct impairment of the base excision repair system; 
however, these mice also show severely reduced insulin-
like growth factor 1 and blood glucose levels, which might 
also promote DNA instability.

  The deacetylase activity of SIRT1 has other substrates 
besides histones ( fig. 1 ). It also deacetylates p53 (described 
above), nuclear factor  � B (NF- � B) and forkhead tran-
scription factor (FOXO)  [6] . Deacetylated NF- � B is
easily degraded and has less activity, which inhibits apop-

tosis. FOXO, a downstream component of insulin signal-
ing, can increase the transcription of both antiapop-
totic factors, such as manganese superoxide dismutase
(Mn-SOD), and a DNA repair factor, growth-arrest- and 
DNA-damage-inducible protein 45 (GADD45), and pro-
apoptotic ones, such as B-cell-lymphoma-2-interacting 
mediator (BIM) and Fas ligand, depending on the con-
text. These different effects can be explained, at least in 
part, by FOXO regulation by SIRT1. FOXO-induced 
apoptosis is decreased when SIRT1 is overexpressed in 
cerebellar neurons  [17] . The deacetylation of FOXO by 
SIRT1 decreases the DNA-binding activity of FOXO and 
reduces the transcription of apoptotic factors  [18] . On the 
other hand, the association of SIRT1 with FOXO upregu-
lates the expression of antiapoptotic factors. Therefore, 
SIRT1 uses multiple pathways to modulate cellular resis-
tance to genotoxic stress and apoptosis  [13] .

  SIRT1 protein is mainly localized to the nucleus; how-
ever, it can be translocated to the cytoplasm in the pres-
ence of oxidative stress, leading to apoptosis  [19] . This 
phenomenon is also observed in  Caenorhabditis elegans  
 [20] . Sir2.1 translocates from the nucleus to the cyto-
plasm as an early event of apoptosis, although the causal 
relationship and the kinetics of this translocation are still 
obscure. 

  Therefore, the sirtuins have critical roles in DNA sta-
bility and antiapoptotic processes, and they remain key 
molecules for aging research.

Table 1.   Mammalian sirtuins 

Human 
sirtuin

Subcellular 
localization

Enzyme activity Biology

SIRT1 Nucleus (cytosol) Deacetylase DNA stability and cell proliferation (DNA 
double-strand break repair)

SIRT2 Cytosol Deacetylase Mitosis and cell differentiation (modulation 
of microtubule network)

SIRT3 Mitochondria Deacetylase Energy metabolism and responses to
oxidative stress (ATP level)

SIRT4 Mitochondria ADP-ribosyltransferase Energy metabolism and responses to
oxidative stress (insulin secretion)

SIRT5 Mitochondria Deacetylase Energy metabolism and responses to
oxidative stress

SIRT6 Nucleus ADP-ribosyltransferase, 
deacetylase

DNA stability and cell proliferation (DNA 
single-strand break repair)

SIRT7 Nucleus Deacetylase DNA stability and cell proliferation
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  Sirtuins in the Retina 

 SIRT1 is expressed throughout the retina, including 
the retinal ganglion cells, inner retinal cells, photorecep-
tor cells and retinal pigment epithelial cells  [21] .  SIRT1 -
targeted mice show abnormal retinal development as ear-
ly as embryonic day 12.5; these abnormalities include 
persistence of the optic fissure and disorganized retinal 
morphogenesis, with decreased cellularity in multiple 
retinal layers  [22] , although it is not yet known whether 
these embryonic retinal abnormalities are associated 
with an increase in p53 expression, as observed in  SIRT1 -
targeted mouse embryonic fibroblasts. The deletion of 
the upstream inducers of SIRT1, E2fs, also cause retinal 
cell death with the hyperacetylation (i.e. activation) of 
p53  [23] .

  SIRT1 activates multiple pathways and has been re-
ported to function in animal models of inflammatory 
disease. In a multiple sclerosis model of experimental au-
toimmune encephalomyelitis, the intravitreal injection 
of SIRT1 activators prevented the death of retinal gan-
glion cells  [24] . This effect was obtained without sup-
pressing the infiltration of inflammatory cells into the 
optic nerve sheath, suggesting that SIRT1 acted in the 
retinal ganglion cells themselves. 

  This successful treatment of ganglion cells is consis-
tent with the result of an experiment using explant neu-
rons of the dorsal root ganglion  [25] . Ganglion cell death 
after axotomy, called wallerian degeneration, is avoided 
by introduction of nicotinamide mononucleotide adeny-
lyltransferase 1 (Nmnat1), an enzyme in the NAD bio-
synthesis pathway, which leads to an increase in nuclear 
NAD. SIRT1 activity induced by a polyphenol compound, 
resveratrol, has a similar effect. These results indicated 
that SIRT1, which is NAD dependent, is the effector of the 
ganglion cell protection conferred by the increased 
Nmnat1 activity and NAD. Moreover, Nmnat1 is nor-
mally expressed in retinal ganglion cells and their axons 
 [26] , which should enable SIRT1 activation in these cells. 

  A decrease in the deacetylation activity of SIRT1 dur-
ing retinal inflammation was reported in the endotoxin-
induced uveitis model  [27] . In this mouse model, 8-oxo-
2 � -deoxyguanosine (8-OHdG), an oxidized form of de-
oxyguanosine, a component of DNA, is upregulated, and 
resveratrol suppresses this upregulation. It would be in-
teresting to examine whether this reduction in DNA oxi-
dation is related to an effect of SIRT1 on DNA and discuss 
the possible involvement of inflammation in aging.

  Role of Sirtuins in the Aging of the Retina 

 Age-related DNA damage is reported in the rodent 
retina. An increase in oxidative DNA damage in the 
2-year-old retina compared to the 5-month-old retina 
was shown by 8-OHdG labeling  [28] . The authors con-
cluded that this increase in labeling reflected mitochon-
drial DNA damage resulting from decreased levels of 
DNA repair enzymes. However, the role of sirtuins in this 
phenomenon is not addressed.

  Abnormal SIRT1 expression is observed in a mutant 
mouse model of retinal degeneration ( rd  mice) that pro-
gresses with age; these  rd  mice have a point mutation in 
the  � -subunit of rod photoreceptor cGMP phosphodies-
terase  [21] . In the normal mouse retinal ganglion cells, 
inner nuclear layer cells and a subset of photoreceptors, 
thought to be cone cells, SIRT1 immunoreactivity ap-
pears as granular staining in the nuclei. In the rod pho-
toreceptor cells, it appears as weak peripheral nuclear 
staining (but is still within the nucleus). However, in the 
 rd  mice, SIRT1 in the rod photoreceptor cells translocates 
to the cytoplasm around postnatal day 15, when apop-
totic markers (caspase 12 or apoptosis-inducing factor 
(AIF) as well as transferase-mediated uridine nick end-
labeling (TUNEL) staining) become apparent. This find-
ing is consistent with another report that the transloca-
tion of SIRT1 protein from the nucleus to the cytoplasm 
precedes apoptosis in  C. elegans   [20] . The  rd  mutants lose 
their photoreceptor cells precociously, which is consid-
ered an aging phenotype. A similar theory has been pro-
posed to explain brain diseases, such as Parkinson’s dis-
ease and Alzheimer’s disease, in which brain cells degen-
erate earlier than in the normal life course. Further 
analyses are required to determine whether the translo-
cation of SIRT1 from the nucleus leads to DNA instabil-
ity in  rd  mice and in other systems. 

  In summary, the aging of tissues/organs, including the 
retina, is caused by accumulated changes that lead to 
their dysfunction. The fundamental cause is believed to 
involve DNA instability, which may be induced by extrin-
sic stimuli, such as light exposure or inflammation, or by 
intrinsic factors, such as gene abnormalities. The ability 
of sirtuins to stabilize DNA may, at least in part, deter-
mine the progress of aging in the retina.
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