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Abstract

Lens opacification or cataract reduces vision in over 80 million people worldwide and blinds 18
million. These numbers will increase dramatically as both the size of the elderly demographic and
the number of those with carbohydrate metabolism-related problems increase. Preventative
measures for cataract are critical because the availability of cataract surgery in much of the world
is insuficient. Epidemiologic literature suggests that the risk of cataract can be diminished by diets
that are optimized for vitamin C, lutein/zeaxanthin, B vitamins, omega-3 fatty acids,
multivitamins, and carbohydrates: recommended levels of micronutrients are salutary. The limited
data from intervention trials provide some support for observational studies with regard to nuclear
— but not other types of — cataracts. Presented here are the beneficial levels of nutrients in diets or
blood and the total number of participants surveyed in epidemiologic studies since a previous
review in 2007.
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INTRODUCTION

Vision is the most precious of the five senses. Because vision impairment is a common and
virtually inevitable debility among the aged, afflicting 285 million people worldwide, it is
not surprising that loss of vision is among the greatest fears of the elderly. It has been
estimated that over 68% of people over 79 years of age have some form of lens opacification
or cataract. In those at least 50 years of age, cataract prevalence is greater than the combined
prevalences of glaucoma and age-related macular degeneration.! In 2007, the World Health
Organization estimated that cataracts are responsible for blindness in 39% of the 37 million
blind people worldwide. Rates of blindness due to cataract vary widely from country to
country because of disparities in financial resources, the availability of ophthalmologists, the
perceived need to improve vision, and genetic and environmental factors.2~# These barriers
highlight the importance of providing a means to prevent or delay the formation of cataract.
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A significant body of research indicates that nutritional intervention may offer a way to
diminish the risk of cataract. Much of the early research on the role of diet in cataract
focused on antioxidants, but this has since expanded to include macronutrients such as fatty
acids and carbohydrates.>~12 The role of nutrients in eye health has also been explored in a
variety of model systems, including in vitro, cell culture, animal, and human studies.13-17

The present review has four objectives. The first is to inform the reader about current
understanding of the etiology of age-related cataract and why nutrients are likely to affect
risk of cataract. The second is to provide a summary that is updated since a previous
review.® This summary is presented in entirety, in graphic form, but its length requires that
much of it be presented online, as Supporting Information (Figures S1-S41, Tables S1 and
S2). Thus, the number of studies that attempted to find a relationship between intake of a
specific nutrient and a form of cataract is mentioned, but null data are not fully described in
the text, and supplementary figures were kept to a minimum by excluding figures for
nutrients for which only null data were obtained. However, to provide a complete summary,
a bibliography pertaining to those nutrients for which the effect of a nutrient on cataract risk
is null is included in Table S2. As an exception, findings from randomized double-blinded
intervention trials are reported in the text, even when they are null, due to the importance of
data from this type of trial. The third objective of this review is to introduce in the main text
the newest class of nutrients to be related to risk of cataract, i.e., carbohydrates. The fourth
objective is to present, when available, levels of nutrients that were correlated with risk of
cataracts and the approximate total number of subjects surveyed for each nutrient.

WHAT ARE CATARACTS?

The primary function of the eye lens is to collect and focus light on the retina. To do so, the
lens must remain clear throughout life. The lens is located posterior to the cornea and iris
(Figure 1A). It is avascular, receiving nutriture from the aqueous humor.18 Although the
clarity of the lens is frequently interpreted as indicative of an absence of structure, the lens is
exquisitely organized (Figure 1B). A single layer of epithelial cells is found directly under
the anterior surface of the collagenous capsule in which the lens is found. The epithelial
cells at the germinative region divide, migrate posteriorly, and differentiate into lens fibers.
The transparency of the lens is made possible by a tight configuration of lens fibers, which
are mostly devoid of cellular organelles. The primary gene products of the fibers are called
crystallins. In the young lens, the flexibility of the fibers, particularly in the cortical areas,
facilitates lens accommodation, allowing the eye to focus on images both near and far.19
New cells are formed throughout life, but older cells usually are not lost. Instead, they are
compressed and compacted into the center or nucleus of the lens.20 There is a coincident
dehydration of the fibers. Metabolism is different in the epithelium/subcapsular tissue, the
cortex, and the nucleus of the lens. This is enforced by the shedding of nuclei from fiber
cells in the inner cortex and nucleus.

Throughout life, the lens undergoes biochemical, physiological, and functional changes.
Most of these changes result in a less-flexible lens with limited accommodative capability.
As the lens ages, its proteins are photooxidatively damaged, and they crosslink, aggregate,
precipitate, and accumulate in lens opacities.?! Dysfunction of the lens due to opacification
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is called cataract. The term “age-related” cataract is used to distinguish lens opacification
associated with old age from iatrogenic opacification associated with other causes, such as
congenital and metabolic disorders, medication-induced opacification, trauma, or high-
energy radiation. This review focuses on age-related cataract.

Clinically, opacities are evaluated separately in the cortical, nuclear, and posterior
subcapsular (PSC) regions (Figure 1C) of the lens because they are phenotypically
distinguishable. They may be described as “mixed” if the opacity is present in more than one
location. Separation of grading into different zones of the lens is also important because
cataracts at each location are thought to have some differences in etiology.22 However, some
ophthalmologic exams do not distinguish one type of cataract from another. Outcomes of
such exams are described herein as “any” type of cataract. There are several systems for
evaluating and grading cataracts. Most of these use an assessment of extent of density and
location of the opacity.23:24 Attesting to differences in the etiologies of nuclear, cortical, and
PSC cataracts, good nutrition is often related to diminished risk of nuclear cataracts, but less
often to reduced risk of cortical or PSC cataracts. Because of these differences in etiology,
relations between nutrient status and risk of each type of cataract or extraction are discussed
separately. The extraction outcome may result in a smaller (nutrient) effect because different
surgeons or clients choose to remove cataracts at different levels of cataract maturity.
Although not directly associated with all opacities, coloration or brunescence is also
quantified, since brunescence diminishes visual function.2>

Nuclear and cortical opacities constitute the majority of cataracts, but nuclear opacities are
usually of greater concern because they interfere directly with the passage of light along the
visual axis. PSC opacities occur far less frequently but are also located along the visual axis.

CATARACT RISK FACTORS AND ETIOLOGY

Age, gender, educational status, smoking, diabetes, and obesity are all risk factors for
cataract. Men are more prone to PSC cataracts, while women are more likely to get cortical
cataracts. Caucasians and those with a college degree have a decreased risk of cortical
cataract compared with non-Caucasians and those with a high school education or less,
respectively.26

The lens is especially prone to opacification because of its high protein content (the solid
mass of the lens is about 98% protein) and minimal turnover or replenishment of these
proteins as the lens ages. During the aging process, these proteins are subject to chronic
stresses from exposure to incident visible and ultraviolet light as well as other forms of high-
energy radiation. Recently, it was observed in African diabetics that exposure to sun light
was strongly associated with an increased risk of cataract.2’ Consistent with an impact of
incident radiation, decreasing latitude of residence and further deterioration of the ozone
layer are expected to increase the risk of cataract surgery and cortical cataract,
respectively.28 A summary of the literature regarding ultraviolet light and risk of cataract is
provided in the review by McCarty and Taylor.2? Artificial ultraviolet radiation, such as that
produced by tanning beds, fluorescent lamps, or excimer lasers, may also increase the risk of
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cataract, especially among aged, medicated adults using compounds such as steroids, thyroid
hormone, or estrogen,26:30-33

Excessive oxygen and its reactive metabolites, along with many other moieties, have been
related to enhanced risk of cataract. Cataract was observed in patients treated with
hyperbaric oxygen therapy, in lenses exposed to hyperbaric oxygen in vitro, in mice that
survived exposure to 100% oxygen twice weekly for 3 h, as well as in guinea pigs exposed
to hyperbaric oxygen. Upon oxidative stress, elevated levels of glutathione disulfides, the
oxidized form of the antioxidant glutathione (GSH), were noted, along with a decrease in
levels of reduced GSH. Comparable chemistry explains the accumulation of disulfide-linked
proteins upon oxidative stress and aging in the lens (Figure 2).34

Smoking and tobacco chewing induce oxidative stress and have been associated with
diminished levels of antioxidants, including ascorbate, tocopherols, and carotenoids, as well
as with exacerbated nuclear sclerosis and enhanced risk of cataract, especially nuclear
cataract, as reviewed by Kelly et al.3® and Richter et al.36 Further-more, in the Age-Related
Eye Disease Study (AREDS) cohort, a multicenter clinical trial of over 4,000 elderly (55-80
years of age) men and women randomized to receive either a placebo or a cocktail of 500
mg of vitamin C, 400 1U of vitamin E, and 15 mg of -carotene for an average of 6.3 years,
former smokers had a higher risk of cataract surgery than nonsmokers, and current smokers
had a higher risk of cortical cataract.2® Consistent with an oxidative stress-related etiology
of cataract, there was also a diminished risk of cataract in male physician smokers who used
multivitamins.3” However, increasing consumption of all antioxidants is not always
beneficial among smokers, as indicated by an increased risk of lung cancer among smokers
supplemented with p-carotene.38

Antioxidants, antioxidant enzymes, and proteases as defenses against lens damage

Several interrelated capacities offer protection against photooxidative insults. Antioxidants,
including ascorbate, carotenoids, vitamin E (reviewed by Taylor/), and antioxidant enzymes,
protect proteins and other constituents against oxidative stress (Figure 2).39 Additional
defenses include proteolytic and repair processes that degrade and eliminate damaged
proteins or aid in the repair of damaged biomolecules (Figure 3).

Antioxidants—The lens is primarily an aqueous environment. Aqueous-soluble
antioxidants such as ascorbate and GSH are far more concentrated in the lens than in the
plasma. Therefore, it might be anticipated that aqueous antioxidants would confer the
greatest benefit with regard to reducing the risk of cataract (Figures 2 and 3). Observational
studies support this concept (see sections on epidemiologic studies below). Additionally,
GSH levels diminish in the older and cataractous lens.40

Antioxidant enzymes—The lens also contains multiple antioxidant enzymes, including
catalase, superoxidase dismutase, reductases, and enzymes of the GSH redox cycle. These
enzymes interact with oxygen, other oxidants, and antioxidants (i.e., GSH is a substrate for
glutathione peroxidase) to decrease the oxidative burden. However, the activities of many
antioxidant enzymes themselves become modified and compromised during aging and
cataract formation. This contributes to a vicious cycle of stress followed by damage to bulk
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proteins (e.g., by oxidation of catalytically essential cysteines), antioxidants, and damage
removal systems, resulting in exacerbated stress (Figure 3).41-43 Besides oxidation, protein
glycation, deamidation, and transglutamination all contribute to crosslinking and subsequent
insolubility of proteins#4—46 and to lens opacification.#’~4% Corroborating this oxidation-
based hypothesis, the industrial antioxidant 0.4% butylated hydroxytoluene incorporated
into the diets of galactosefied (50% of diet) rats diminished the prevalence of cataract.>°

Protein editing as a defense—Proteolytic systems can be considered additional defense
capacities that mark and remove cytotoxic, damaged, or obsolete proteins from lenses and
other eye tissues.>152 In young lens tissue, degradation by such proteolytic systems
maintains damaged proteins at harmless levels (Figure 3 top).

Several studies indicate interactions between anti-oxidant and proteolytic defense systems.
There is a direct sparing effect of ascorbate on photooxidatively induced compromises of
proteolytic function. GSH also spares the activity of enzymes involved in the conjugation of
ubiquitin to substrates, thus prolonging ubiquitin-dependent proteloysis.>354 However,
during aging or oxidative stress, most of these enzymatic capabilities are found in a state of
reduced activity. The observed accumulation of oxidized (and/or otherwise modified)
proteins in older lenses is consistent with the diminished capacity of these protective
systems to keep pace with the insults that damage lens proteins.>45® Thus, age-related
compromises in the activity of antioxidant enzymes, diminished concentrations of
antioxidants, and reduced activity of protein editing-capacities lead to attenuated protection
against oxidative insults. This leaves the long-lived proteins and other constituents
vulnerable to damage, resulting in cataract.>2

Molecular chaperones provide another capacity to delay cataract-related protein
precipitation, as reviewed by Shang and Taylor.56

NEWER EPIDEMIOLOGIC STUDIES THAT RELATE CAROTENOIDS AND
VITAMINS C, E, AND B TO RISK OF CATARACT

Vitamin C

Many epidemiologic studies have attempted to determine which nutrients offer protection
against cataract.> The most recent clinically relevant data are summarized in the text as well
as in the graphs available online as Supporting Information (Figures S1-S41) and the
additional references for this material (Table S1). For some nutrients, the data do not suggest
any effect on certain types of cataract; references for these data can be found in Table S2,
available in the Supporting Information online.

Present in the lens and aqueous humor at more than 50-fold the concentration found in
plasma, ascorbate is probably the most effective and least toxic antioxidant identifed in
mammalian systems. It not only scavenges free radicals but can also regenerate vitamin E
and GSH to further increase the antioxidant capacity of a cell. A significant amount of
literature indicates that there are age-related decrements in ascorbate levels in the lens, and
that this may be related to compromises in lens function.57:58 Conversely, enhancing
ascorbate supplies may potentially provide benefit. In subjects consuming the recommended
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intake of vitamin C, 75 mg/day, blood ascorbate levels were approximately 12 ug/mL, and
increased consumption of vitamin C in this population resulted in even higher blood
ascorbate levels.59 There is also almost 50 times as much ascorbate in the lens as in the
plasma, as indicated by another study in which supplementation with 2 g of vitamin C per
day was associated with a nearly 40-fold increase in lens ascorbate, to >4 mM.>’
Importantly, increased plasma vitamin C has also been associated with lower levels of
plasma thiobarbituric acid reactive substances (TBARS), a marker of oxidative stress (P <
0.01).50 Although it has been suggested in a mouse model that vitamin C may mediate
cataract formation through glycation of carbohydrates, data from other animal models and
from human studies do not support this observation.1® It is therefore not surprising that
elevated vitamin C status is robustly related to diminished risk of cataract in many
epidemiologic studies (Figures S1-S5, S7-S8). Based upon relations between diet and levels
of vitamin C in the aqueous humor or lens, it appears that intake beyond approximately 200
mg/day is associated with limited risk reduction.

Prior to 2007, data from over 110,000 subjects were analyzed to help determine the role of
vitamin C in lens health (Figures S1-S10). The consensus among these studies is that blood
levels of at least 49 uM or intake of 135 mg/day may reduce the risk of cortical, nuclear, and
PSC cataract (Figures S1, S3-S4, S6-S7).2 Data collected since 2007 support these findings
and suggest that vitamin C is most effective against nuclear cataracts, reducing the risk of
this cataract with as little as 3 uM in the blood or intake of less than 2 mg/day, though some
studies failed to find an effect of vitamin C (Table S2).

A recent cross-sectional study of 1,443 rural Indians over the age of 50 (INDEYE study)
indicated that people with plasma vitamin C concentrations in the highest compared with the
lowest tertile had approximately 40% decreased odds (odds ratio [OR] = 0.62; 95%
confidence interval [CI]: 0.40-0.96) of cortical cataract (Figure S1).61 Cross-sectional
analysis of a larger cohort of elderly Indians (n = 5,638) supports the benefits of vitamin C
in lens health. Analysis of the entire cohort revealed that those with the highest plasma
levels of vitamin C had a 35% reduced risk of cortical cataract (95%ClI: 0.50-0.85)
compared with those with the lowest plasma levels. This effect appeared to be driven by
participants living in the southern (OR = 0.63; 95%CI: 0.47-0.86) rather than the northern
(OR = 0.74; 95%CI: 0.45-1.20) part of India (Figure S1).52 This geographic difference is of
interest because there is a geographic “cataract belt” of high cataract prevalence in the
eastern Indian provinces of Bihar, Jharkhand, and Orissa. The benefits of vitamin C are
supported by prospective analysis in the Nutrition Vision Project (NVP), a subset of the
Nurses’ Health Study, which showed that, among women aged <60 years, consumption of at
least 363 mg/day vitamin C was associated with a 57% decreased risk of developing a
cortical cataract compared with women who consumed less than 140 mg/day vitamin C
(Figure S2). Moreover, women who took supplemental vitamin C for at least 10 years had
significantly fewer cortical lens opacities than those who did not supplement (OR = 0.40;
95%Cl: 0.18-0.87) (Figure S2).63

A robust analysis of observational studies indicates that vitamin C intake is also likely to be
most effective in reducing the risk of nuclear cataract. Decreases in risk of approximately
40% have been reported in a majority of studies for intakes above approximately 135
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mg/day or blood concentrations of 6 uM. Long-term elevated intake or use of supplements
was also associated with a decreased risk of nuclear cataract (Figures S3-S5). In the
INDEYE study, those with plasma vitamin C concentrations in the highest compared with
the lowest tertile had an OR of 0.62 (95%Cl: 0.40-0.96) for nuclear cataract (Figure S4).61
Ravindran et al.%2 also found that those with the highest plasma levels of vitamin C had a
reduced risk of nuclear cataract compared with those with the lowest levels (OR = 0.58;
95%Cl: 0.47-0.72). Notably, benefit was observed in participants from northern (OR = 0.52;
95%CI: 0.38-0.72) and from southern (OR = 0.69; 95%CIl: 0.54-0.89) India (Figure S4).
Protective effects of vitamin C against nuclear opacities were observed in prospective
studies as well. Risk ratios ranged from 0.30 to 0.55 for nuclear cataract among persons with
an intake of 140 mg/day compared with those with a lower intake (Figure S5). The
aggregate of retrospective studies regarding PSC prior to 2007 suggests that elevating intake
and plasma levels of vitamin C may confer weak protection. Risk ratios varied from 0.09 to
0.53 among the approximately 7,900 people studied, namely among those with an intake of
at least 491 mg/day or blood levels above 49 uM (Figure S6).% This was corroborated in the
INDEYE study (OR = 0.59; 95%CI: 0.35-0.99) and in a cross-sectional analysis of 5,638
elderly Indians (OR = 0.53; 95%CIl: 0.42-0.66) in both the northern (OR = 0.44; 95%ClI.:
0.32-0.61) and the southern (OR = 0.69; 95%Cl: 0.54-0.89) study centers (Figure $6).61.62

The INDEYE study reported a beneficial effect of circulating vitamin C on risk of mixed
cataract (OR = 0.64; 95%CIl: 0.48-0.85). However, was no signicant relationship between
vitamin C intake and risk of any type of cataract in the Women’s Health Study (WHS), a
randomized, double-blinded, placebo-controlled trial that analyzed the effect of aspirin,
vitamin E, and p-carotene on cardiovascular disease in 35,551 female health professionals at
least 45 years of age.51.64

More recently, in India, high vitamin C plasma levels (OR = 0.61; 95%CI: 0.51-0.74) as
well as intake (OR = 0.78; 95%CI: 0.62-0.98) reduced the risk of “any” type of cataract
(Figure S7). The benefit of circulating vitamin C was observed in both the northern (OR =
0.55; 95%CIl: 0.41-0.74) and the southern (OR = 0.71; 95%CI: 0.57-0.89) study centers
(Figure S7).52

Older retrospective and prospective data also indicate that vitamin C may help reduce the
risk of “any” cataract and cataract extraction (Figures S8-510).> Analysis of 4,001 subjects
aged between 60 years and 74 years from the National Health and Nutrition Examination
Survey Il indicates that serum ascorbic acid levels were inversely associated with self-
reported cataract (OR = 0.74; 95%Cl: 0.56-0.97), and each increase of 1 mg/dL ascorbic
acid was associated with a 26% decrease in cataract risk (P = 0.03).%% In a prospective study,
Yoshida et al.5¢ found that men and women who consumed more than 212 mg of vitamin C
per day were less likely to report “any” type of cataract compared with those who consumed
less than 83 mg/day (Figure S8). In this cohort, vitamin C intake was also inversely related
to risk of cataract extraction in women (Figure S10).

The positive data above fueled enthusiasm for intervention trials like the recent continuation
of the Physicians’ Health Study (PHS 11).> However, among 11,545 male physicians aged
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40-84 years, supplementation either every other day with 400 IU of vitamin E or daily with
500 mg of vitamin C had no effect on risk of cataract or cataract extraction.8”

Concern about vitamin C supplementation was raised by findings in the Swedish
Mammography Cohort (“Swedish” in the figures) of 24,593 women aged 49-83 years,
which showed that vitamin C supplementation for longer than 10 years was associated with
a 25% increase in the risk of cataract extraction (95% CI: 1.00-1.50) (Figure S10), even
after correcting for reverse causality (by excluding women in the first 5 years postsurgery).
Among women aged 60 years and older, supplementation with vitamin C was associated
with a 38% increased risk of cataract extraction (95%Cl: 1.12-1.69) (Figure S10). Women
using corticosteroids along with vitamin C supplements had a 97% greater risk of extraction
(95%ClI: 1.35-2.88) (Figure S10),%8 but this finding is not surprising because corticosteroids
are known cataractogens.

Vitamin E is a lipid-soluble antioxidant with diverse physiological roles involving
maintenance of membrane integrity, inflammation, lipid metabolism, and antioxidant
capabilities that include GSH recycling and attenuation of galactose- and aminotriazole-
induced cataracts in animals.> 769 Vitamin E encompasses a family of molecules known as
tocopherols. Concentrations of tocopherols in the whole lens are in the micromolar range
(1,940 ng/g), and mechanisms that relate lens and dietary levels of tocopherols remain to be
elucidated. Because most tocopherols are found in membranes, particularly in younger
tissues, the concentrations in membranes may be orders of magnitude higher than what has
been reported in blood. The majority of studies focus specifically on a-tocopherol because
this is the most biologically active tocopherol. a-tocopherol, found at high levels in olives
and sunflower seeds, is the major tocopherol in the European diet, whereas y-tocopherol, the
main isomer in soy and corn, is the major tocopherol in the American diet.>’

Numerous observational and intervention studies investigated the effects of vitamin E in
concert with other nutrients (see below). Discussed here are studies that included a total of
over 220,000 subjects and that were able to parse the effect of vitamin E on risk of cataract.
Most of these studies, comprising approximately 166,000 subjects, were completed prior to
2007 and failed to find a strong association between vitamin E intake or blood levels and
risk of cataract (Figures S11-S15, Tables S1 and S2).5 However, from those studies that
showed an inverse relationship, it would appear that blood levels of at least 41 UM or an
intake of at least 20 mg/day could reduce the risk of nuclear cataract. There appears to be no
consistent effect of vitamin E on risk of PSC cataract, but blood levels of at least 33 uM or
an intake of 5 mg/day may increase risk. In studies completed since 2007 (approximately
56,000 subjects enrolled), there also appeared to be no effect of vitamin E on risk of cataract
in any part of the lens. This includes retrospective, cross-sectional studies as well as
prospective studies regarding risk of cataract associated with vitamin E intake, plasma
levels, or supplementation (Table $2).70.71

There was also no beneficial effect after 4 years of vitamin E supplementation on the
incidence or progression of cortical cataract in the Vitamin E, Cataract and Age-related
Maculopathy Study (VECAT), a randomized, double-blind, placebo-controlled trial in
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which subjects were given either 500 1U of vitamin E per day or placebo.”? Similarly, there
was no effect of vitamin E on risk of cortical cataract in the WHS, in which women were
supplemented with 600 IU of vitamin E every 2 days, or in the second cohort of the PHS
after supplementation with 400 1U of vitamin E every other day.57:73 A few retrospective
and prospective studies, however, suggested there might be beneficial effects of higher
plasma levels of vitamin E or intakes of at least 90.8 mg/day (along with other nutrients)
compared with intakes of less than 6.7 mg/day on risk of nuclear opacity (Figures S13 and
S14).5 The NVP also reported trends of decreasing risk of nuclear opacity (P = 0.03) and
decreased progression of opacity (P = 0.006) with increased duration of vitamin E
supplementation in women.”4 However, the VECAT, WHS, and PHS Il intervention studies
found no effect of vitamin E on the risk of nuclear cataract.

There was a 42% reduction in risk (OR = 0.58; 95% CI: 0.36-0.94) of mixed cataract in
subjects with high blood levels of vitamin E in the INDEYE study (Figure S16).51
Consistent with findings regarding mixed cataract, patients with “any” cataract had lower
serum a-tocopherol levels compared with noncataractous controls (P < 0.001), and for those
greater than 61 years of age, senile cataract was associated with lower serum levels of a-
tocopherol.”76 Smokers in India also showed inverse associations between risk of “any”
cataract and serum vitamin E levels (P = 0.0001).” Salutary effects are further corroborated
in prospective analysis of the WHS (OR = 0.86; 95%CI: 0.74-1.00) (Figure S17), and
supple-mentation for 10 years also appeared to offer protection against “any” cataract.

Although two older retrospective studies reported a reduction in cataract extraction with
vitamin E supplementation (Figure S18), prospective studies PHS Il and WHS and the
multiyear Alpha Tocopherol Beta Carotene intervention (in which male smokers were
supplemented with 20 mg of B-carotene per day) reported no such advantage.>67.73
Prospective analysis of the Blue Mountains Eye Study indicated that vitamin E may even
increase the risk of cataract extraction (OR = 1.55; 95% CI: 1.02-2.38).71

Carotenoids and vitamin A

The 400 carotenoids, like vitamin E, are natural lipid-soluble antioxidants. Elevated
carotenoid intake has been associated with several health benefits and, in some cases, with
decreased risk of cataract (Figures S19-531).5.78.79 Most early work focused on B-carotene,
levels of which are limited in human lenses (<0.1 ng/g). Instead, the major lens carotenoids
are lutein and zeaxanthin (13.8 ng/g combined). These also are the most prevalent
carotenoids in the retina. Also present in the lens are retinol (38.1 ng/g) and retinol ester
(25.6 ng/g). Studies investigating status of various carotenoids and risk of cataract in over
220,000 subjects are discussed below.

Lutein and zeaxanthin—Most retrospective and prospective studies (comprising over
16,000 subjects) indicate that intake or blood levels of lutein and zeaxanthin do not
modulate risk of cortical, nuclear, or PSC cataract (Figures S19 and S20, Table S2),
although Karppi et al.80 did find that, among elderly Finnish subjects, those with the highest
plasma levels of lutein (RR = 0.58; 95%CI: 0.35-0.98) and zeaxanthin (relative risk [RR] =
0.59; 95%CIl: 0.35-0.99) had a reduced risk of nuclear cataract (Figure S19). Older
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prospective data from Beaver Dam, Pathologies Oculaires Liées & I’Age (POLA), and the
NVP (Figure S20)° also suggest that elevated lutein and zeaxanthin status is associated with
diminished risk of nuclear cataract. A cross-sectional analysis of 1,443 Indian subjects
supports this data and revealed that high zeaxanthin blood levels were protective against
nuclear cataract (P < 0.03),%1 but this was not observed in a Carotenoids in Age-Related Eye
Disease Study (CAREDS) analysis (Figure $20).81

Data are slightly more encouraging when “any” cataract is the endpoint. A large cross-
sectional analysis observed that Indians with the highest blood levels of lutein (OR = 0.79;
95%Cl: 0.63-0.99) and zeaxanthin (OR = 0.76; 95%CI: 0.58-0.99) had less risk of “any”
type of cataract (Figure $21).2 Similarly, Dherani et al.62 also found lower odds of mixed
cataract (OR = 0.66; 95%CI: 0.45-0.96) among those with the highest blood levels of
zeaxanthin (Figure S21). A study of 177 institutionalized elderly also found that high intakes
of zeaxanthin were associated with decreased risk of cataract (OR = 0.96; 95%CI: 0.91—
0.99) (Figure S21).82 This is supported by a cross-sectional study of 376 subjects in whom
serum lutein (but not zeaxanthin) correlated with lens optical density (P = 0.001), a
surrogate marker of lens function.83 Additionally, the WHS found that, compared with
women who had the lowest intakes of lutein and zeaxanthin, women with the highest levels
had a reduced risk of “any” cataract as diagnosed by a physician (RR = 0.82; 95%Cl: 0.71-
0.95) (Figure $22).64 Interestingly, a small pilot study of only 17 cataract patients showed
that, compared with placebo, supplementation with 15 mg of lutein three times a week for 2
years improved visual acuity.®* Another small study, however, indicated adverse effects of
serum lutein and zeaxanthin in people under the age of 61 with age-related cataracts.”®

To clarify the role of lutein and zeaxanthin in cataract risk, the Age-Related Eye Disease
Study 2 (AREDS2) followed 3,159 elderly (50-85 years of age) men and women for 5
years. Supplementation with 10 mg of lutein and 2 mg of zeaxanthin had no effect on risk of
any type of cataract (Figure S22), nor did it improve visual acuity. However, a subgroup
analysis did show a beneficial effect of lutein and zeaxanthin on cataract risk (HR = 0.70;
95%Cl: 0.53-0.94) in those patients with the lowest baseline intake of these carotenoids
(Figure S$22).85

Finally, using cataract extraction as the endpoint, all prospective studies except the Nurses’
Health Study (NHS) found no effect of lutein and zeaxanthin (Figure S23, Table $2).5:86 |n
AREDS2, supplementation with lutein and zeaxanthin had no effect on risk of cataract
extraction in the primary analysis, but supplementation did reduce extraction risk (HR =
0.68; 95%CIl: 0.48-0.96) in patients with low baseline intakes of lutein and zeaxanthin
(Figure $23).85 These observations, along with those related to risk of any type of cataract,
suggest that lutein and zeaxanthin may be beneficial for undernourished populations, but this
needs to be addressed in additional trials.

Beta-carotene, a-carotene, lycopene, cryptoxanthin, and total carotenoids—§-
carotene exhibits strong antioxidant activity at low partial pressures of oxygen, similar to the
approximately 20 torr partial pressure of oxygen in the core of the lens. However, data from
over 17,000 subjects, including the Alpha Tocopherol Beta Carotene intervention, indicate
that this carotenoid does not affect risk of cortical, nuclear, PSC, or “any” cataract or risk of
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cataract extraction (Table $2).561.62.71 |ntakes or blood levels of a-carotene, lycopene,
cryptoxanthin, and total carotenoids were also evaluated for possible relations with risk of
onset or risk of progression of various forms of cataract, but records from as many as
190,000 subjects indicate little effect of these nutrients (Table S2).

Vitamin A/retinol—Records for over 10,000 people have been examined to clarify
relations between vitamin A or retinol status and risk of cataracts. Consistent with an early
study,® both Dherani et al.81 (OR = 0.56; 95%ClI: 0.33-0.96) and Ravindran et al.52 (OR =
0.69; 95%CI: 0.56-0.84) found that those with the highest blood levels of retinol had a
reduced risk of nuclear cataract (Figure S24). Recently, Klein et al.87 found, in prospective
studies, that those who supplemented with vitamin A had a reduced risk of cortical cataract
(OR =0.42; 95%Cl: 0.24-0.73) (Figure S25).

Ravindran et al.2 found that those with the highest blood levels of retinol had a reduced risk
of PSC cataract (OR = 0.65; 95%ClI: 0.50-0.85) and “any” type of cataract (OR = 0.72;
95%Cl: 0.59-0.88), as Dherani et al.61 found for mixed cataract (OR = 0.58; 95%ClI: 0.37-
0.91) (Figure S24). In the European Prospective Study Investigation in Cancer and Nutrition
(EPIC),high intakes of vitamin A were also associated with increased risk of “any” cataract
(IRR [incidence risk ratio] = 1.28; 95%Cl: 1.07-1.54) (Figure S25).88

B vitamins: riboflavin, thiamin, folate, and vitamin B>

Analysis of over 12,000 subjects indicates that intake of at least 2 g of riboflavin may help
reduce the risk of cortical and nuclear cataract, particularly in malnourished populations
(Figures S26-S29, Table S2).° In general, higher thiamin and niacin status was associated
with lower risk of some cataract endpoints.

Older data regarding the role of folate in eye health are not clear.> Data from the Elderly
Nutrition and Health Survey in Taiwan indicated that, relative to men — but not women —
who were folate insufficient (<14 uM blood level), those with adequate folate status had a
reduced risk of “any” type of cataract (OR = 0.67; 95%CI: 0.44-0.98) (Figure S28). This
effect was driven by those over the age of 75.89 Although the EPIC did not find any
association between risk of “any” type of cataract and intakes of thiamin, riboflavin, niacin,
or folate, it did report an increased risk among those with elevated vitamin By, intake (IRR
=1.29; 95%Cl: 1.06-1.56) (Figure S28).88

Studies on antioxidant combinations and multivitamins, including intervention trials

People eat whole diets composed of many nutrients. To attempt to approximate the
combined effects of multiple nutrients and to assess the value of consuming multivitamins,
cataract risk has been related to intake of multivitamins or antioxidant indices in over 26,000
subjects (Figures S30-S37, Table S2).

Retrospective as well as prospective studies suggest that multivitamin use, antioxidant
intake (>125 mg/day vitamin C, >8.4 mg/day vitamin E, >5,677 1U/day carotenoids), and
high antioxidant blood levels (>40 uM vitamin C, >21 pM vitamin E, >1.7 uM carotenoids)
reduce the risk of cortical cataract (Figures S30 and S$31).90 This was recently corroborated
by Klein et al.,1 who reported a 23% reduction in risk of progression of cortical cataract
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among those who used multivitamins in the Beaver Dam Eye Study (OR = 0.77; 95%Cl:
0.62-0.95) (Figure S31). None of the large intervention trials, however, have shown an
effect of multivitamins on the risk of cortical cataract (Figure S32, Table S2).5

Nuclear opacities have also been the subject of active investigation with regard to
multivitamins. Prospective and intervention studies demonstrate that antioxidant
combinations and multivitamins may be effective in abating the risk of nuclear opacities
(Figures S$33-S35, Table S2),° findings that are supported by recent analyses from the
Clinical Trial of Nutritional Supplements and Age-Related Cataract (CTNS) (OR = 0.66;
95%ClI: 0.50-0.88) (Figure $35).92 Specifically, use of the multivitamin Centrum® (Pfizer,
New York, NY) in AREDS was associated with a 17% decrease in risk of nuclear cataract in
prospective analyses and with a 25% decrease in risk of nuclear cataract in the intervention
arm of the trial (Figures S34 and $35).26:93 The beneficial effects of Centrum®, which were
not observed with the cocktail of vitamin C, vitamin E, -carotene, and zinc that was
prescribed in AREDS, suggest that the AREDS cocktail was missing components that are
found in Centrum®.

Unlike findings for nuclear cataract, data from the CTNS suggest that multivitamins may
increase the risk of PSC cataract (OR = 2.00; 95%Cl: 1.35-2.98).92 These data, together
with data from the 8-year PHS Il, show there is still no clear mandate for using antioxidant
supplements to diminish the risk of cataract or cataract extraction.57:92

In conclusion, it should be appreciated that most of the subjects in these studies had higher
socioeconomic status and were well fed. It appears that, for the chronically undernourished,
supplements may provide benefit. However, any recommendation for use of antioxidants to
diminish the risk of cataract in well-fed people who consume adequate levels of fruits and
vegetables is based as much upon the idea that supplements that provide the recommended
dietary allowance or the dietary reference intake of micronutrients do not harm, as much as
on findings that they actually help.

EPIDEMIOLOGIC STUDIES THAT RELATE INTAKE OF CARBOHYDRATE
TO RISK OF CATARACT

Glycation of proteins compromises cellular defenses and is also highly relevant to cataract
risk, given the large proportion of the American diet that comprises carbohydrates.*>
Carbohydrate intake has increased considerably in the last 30 years, as have rates of obesity.
Intake and quality of carbohydrates have been shown to be related to risk of cardiovascular
disease and type 2 diabetes, both of which are comorbidities of cataract.12 Reactions
between carbohydrates and proteins can form Schiff bases, Maillard products, and advanced
glycation end products in a process commonly referred to as “browning.”2> Sequelae of
these reactions are aggregation and precipitation of proteins that are associated with
cataractogenesis, age-related macular degeneration, and other debilities (Figure 2).12:44.45

Consistent with the biochemistry of carbohydrate metabolism, people with lower fasting
glucose levels show diminished incidence and delayed progression of all cataract
subtypes.* Supporting these findings, a study of 124 subjects showed that nondiabetics with
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elevated serum fructose, a highly “glycating” sugar, have increased risk of cataract (P <
0.05).%> Additionally, diabetics experience large fluctuations in glucose and have vastly
higher levels of PSC cataract and surgery. Risk of these types of cataract was also related to
obesity.26.96

Six cohorts have been used to study the associations between eye health and the amount of
carbohydrate intake or the quality of carbohydrate, and none report a beneficial effect of a
high-carbohydrate diet.88:97 The NVP found that women consuming more than 200 g of
carbohydrate per day were far more likely to develop cortical opacity than women
consuming less than 185 g of carbohydrate per day (OR = 2.64; 95%CI: 1.30-4.64) (Figure
4).9 The NVP also reported a trend for increased risk of cortical opacity with increased
consumption of carbohydrate (P = 0.005 for trend). Data from 3,217 subjects from the
Melbourne Visual Impairment Project corroborate the NVP results and indicate that
nondiabetics who consumed more than 181 g/day had more than a threefold greater risk of
cortical cataract compared with those who consumed the least amount of carbohydrates
(95%Cl: 1.10-9.27) (Figure 4).11

Given the associations between carbohydrate and health, it is logical to ask if the results may
be due to dietary fiber. Cross-sectional analysis indicates that fiber intake does not influence
risk of cortical, nuclear, or PSC cataract, although a prospective analysis found that intake of
23-29 g of fiber per day was associated with increased risk of PSC cataract (OR = 5.13;
95%ClI: 1.09-24.24) compared with the least amount of intake (Figure 5).88.98.99

In an attempt to determine if different types of carbohydrate affect lens clarity differentially,
risk of cataract was also related to the dietary glycemic index. The glycemic index describes
how rapidly blood glucose levels increase after intake of a food, relative to the rise in blood
glucose levels following consumption of a standard food with the same amount of
carbohydrate (such as glucose or white bread). The dietary glycemic index averages this
value for the whole diet. Recent studies have shown that consumption of a low-glycemic-
index diet is associated with a reduction in risk of age-related macular degeneration,
diabetes, cardiovascular disease, and renal disease.97:100-103

In the Blue Mountains cohort of 933 subjects, those who consumed carbohydrates of the
highest glycemic index were more likely to develop cortical cataracts in 10 years than those
who consumed carbohydrates of the lowest glycemic index (HR = 1.77; 95% CI: 1.13-2.78)
(Figure 6).104 A similar trend was observed in 3,377 subjects in AREDS (Figure 6).10
AREDS also showed that those who consumed carbohydrates of the highest glycemic index
also had an increased risk of nuclear cataract (OR = 1.29; 95%CIl: 1.04-1.59; P for trend =
0.02) compared with those who consumed carbohydrates of the lowest glycemic index
(Figure 6). The different relationships between dietary carbohydrate and nuclear and cortical
cataract are consistent with the different etiologies of these types of cataract.

Glycemic load, defined as the weighted average of the glycemic indices of individual foods,
multiplied by the percentage of energy as carbohydrate, is an outcome measure that
combines the amount of carbohydrate consumed with the glycemic index of that particular
carbohydrate.19° The Blue Mountain Eye Study194 and Schaumberg et al.,19¢ using
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combined data from the NHS and the Health Professionals Follow-Up Study (HPFUS)
cohorts, which totaled 111,845 men and women, analyzed the effect of glycemic load on
risk of reported cataract but found no significant associations (Figure 7). Curiously, when
these two cohorts were evaluated separately, men with the highest glycemic load in the
HPFUS had a 12% and 14% reduction in risk of extraction of nuclear cataract and “any”
cataract, respectively (Figure 7).106 Importantly, the NHS and HPFUS relied on self-report
of cataract, whereas participants in AREDS and the NVP were clinically evaluated and had
their cataracts graded by ophthalmologists, which may account for some discrepancy
between these studies. Obviously, with too few studies on this topic, but with growing levels
of carbohydrates in the diet, this area of research deserves more attention.

EPIDEMIOLOGIC STUDIES THAT RELATE INTAKE OF LIPIDS TO RISK OF
CATARACT

Lens cell membranes have unusually high cholesterol ratios, an unusual lipid composition,
and critical functions in intracellular communication and are required to function for
decades with little option for replacement upon damage. In light of this, one might expect fat
status to be related to risk of various forms of cataract. An overview of the epidemiologic
records from over 17,000 subjects (Figures S38-S40, Tables S1 and S2), however, suggests
the contrary.® There appear to be few associations between fat intake from cholesterol, trans
fats, or animal or vegetable sources and various forms of cataract other than the ones that
follow here. 1) In the EPIC, risk of “any” type of cataract increased with elevated blood
levels of saturated fat (RR = 1.19; 95%CI: 1.01-1.40) and cholesterol (RR = 1.23; 95%ClI:
1.01-1.50).88 2) In the Blue Mountains Eye Study, a 30% decreased risk of cortical cataract
was found for subjects who consumed more than 6.8 g/day of polyunsaturated fats.%¢ 3) In
contrast, however, a 2.3-fold increased risk of nuclear cataract was found in the NVP/NHS
for persons with a higher intake of the same fats (Figure $38).107 4) A 42% lower risk of
nuclear cataract was found in consumers of 0.5-1.42 g/day of omega-3 fatty acids (found in
flaxseed, walnuts, salmon, shrimp, and many other seafoods).%° 5) A 17% or 12% decreased
risk of nuclear or “any” cataract extraction, respectively, was found in the NHS (Figure S39)
among those with elevated intake of omega-3 fatty acids (specifically, eicosapentaenoic acid
[EPA] and docosahexaenoic acid [DHA]).1%8 6) In contrast to data for the complete NHS,
there was a 2.2-fold increase in the risk of “any” cataract for those with high intake of
omega-3 fatty acids in the NVP (Figure $39).107 7) In a large 6-year study, Martinez-
Lapiscina et al.8 found that subjects with 0.05% and 0.2% of total energy intake as omega-6
fatty acids (found predominantly in oils such as saflower, sunflower, corn, and soybean oils)
had a reduced risk of “any” cataract (OR = 0.54; 95%CI: 0.29-0.99) compared with those
with the lowest intake (Figure S40). 8) There was a trend of increased risk of extraction of
“any” type of cataract with increased consumption of linoleic acid in the NHS (P = 0.04).108
The increased consumption of linoleic acid (but not arachidonic acid) may explain the
increased risk of nuclear cataract observed in those with high polyunsaturated fatty acid
intake (Figures S38 and S40).
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EPIDEMIOLOGIC STUDIES THAT RELATE INTAKE OF PROTEIN TO RISK
OF CATARACT

All of the data regarding relations between dietary protein and eye health are derived from
the 4,888 subjects in the Blue Mountains Eye Study and the 27,670 subjects in the EPIC.
Retrospective analyses indicate that subjects who consumed approximately 99 g of protein
per day had a 50% reduction in risk of nuclear cataract (95%CI: 0.30-0.80) compared with
those who consumed the least amount of protein per day, and there was a trend of increasing
intake associated with decreased risk (P = 0.009) (Figure S41).98 In the same population, 5-
year incidence of PSC cataract was decreased in those who consumed approximately 107 g
of protein per day (OR = 0.28; 95%Cl: 0.10-0.76) compared with those who consumed the
least amount, and increasing amounts of protein were associated with decreased risk (P =
0.015).%9 Interestingly, in EPIC, those subjects who had the highest intake of protein had an
increased risk of “any” type of cataract (IRR = 1.30; 95%ClI: 1.10-1.55) (Figure S41).88 It is
not clear why an increased intake of protein would confer risk, but increased protein intake
may reflect increased total energy intake, which was associated with a trend of increased
cataract risk (P = 0.044).

There have also been recent analyses of the effects of overall dietary patterns on cataract
risk. A cross-sectional analysis of 240 African diabetic men reported that those who
consumed a Mediterranean diet (which emphasizes polyunsaturated fats, fruits, and
vegetables) had less risk of cataract (P < 0.005).27 In EPIC, decreased consumption of meat
was associated with reduced risk of cataract (P < 0.001).88 Additionally, those over the age
of 65 who consumed diets rich in fish and vegetables rather than meat had a 23% reduced
risk of cataract (IRR = 0.77; 95%CIl: 0.61-0.98), and vegetarians of all ages also had a
reduced risk of cataract (IRR = 0.74; 95%CI: 0.63-0.86).88

CONCLUSION

Preventative measures to avoid cataract remain a crucial unmet medical need, especially
important for the millions of people without access to cataract surgery. The problem is
becoming more urgent as the elderly population burgeons beyond the healthcare resources
that can be supported by the current working population, and as health problems associated
with carbohydrate-dense diets accelerate. Robust observational data from well over 250,000
people suggest that maintaining a protein intake of 100-150 g/day and a vitamin C intake of
approximately 135 mg/day (nearly twice the recommended level) while avoiding frequent
large intakes of simple carbohydrates (i.e., chronic consumption of super-sized sweetened
beverages) is prudent. Observational data also suggest that optimizing intakes of lutein,
zeaxanthin, B vitamins, and multivitamin supplements may be beneficial in preserving lens
health, particularly with regard to diminishing risk of nuclear and, possibly, cortical cataract.
It has been difficult to tease apart the effects of single — or even groups of a few — nutrients,
possibly indicating there are synergistic effects of multiple nutrients with regard to eye
health. Importantly, reports regarding adverse effects of eating micronutrient-rich diets are
rare. Despite these encouraging observational data,most of the clinical trials that evaluated
the effect of vitamin C, vitamin E, carotenoids, and multivitamins (or antioxidant
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combinations) on specific types of cataracts or on cataract extraction failed to establish or
confirm causal associations and benefit. Whereas the data for nuclear cataract in intervention
trials are encouraging, the potential for increased risk of PSC is an important caution
because PSC cataracts obscure the central field of vision. The lack of salutary effects of
multivitamins in the relatively short-term trials may imply that only long-term intake from
foods or supplementation (such as the AREDS Centrum® data) can provide clinical benefit.
Additional long-term studies to clarify the types of cataract most affected by specific
nutrients, dietary patterns, or environmental influences will improve life quality for the
elderly and help reduce the substantial burden of cataract on public health resources.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Lens biology and cataract formation. A) The lens is located behind the cornea and in front of
the retina.18 B) (1) The lens of the eye is enclosed by the lens capsule. (2) The anterior
surface of the lens (top) consists of a single layer of epithelial cells. Cuboidal epithelial cells
near the equator proliferate throughout life and elongate (3) anteriorly and posteriorly until
their ends reach the two lens poles (top and bottom). At this stage, the hexagonal fiber cells
degrade their organelles (4, 6). The nuclei are indicated as black dots. Thus, the lens consists
primarily of long fiber cells devoid of cytoplasmic organelles (5). The core of the lens (lens
nucleus) is composed of the primary fiber cells (7). [Reproduced from Perng et al.2% with
permission from Elsevier.] C) Schematics illustrating the locations of cortical, nuclear, and
posterior subcapsular opacities. In cortical cataract, opaque streaks are observed in the
cortex, circumscribing the lens, while in nuclear cataract, the opacity is in the center on the
lens. Posterior subcapsular cataract describes an opacity at the back of the lens that have dot
opacities in the cortex as well.
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Antioxidative defense systems and glutaredoxin 1 function in the lens. H,O, generated by
the dismutation of superoxide anion is degraded by several pathways, including catalase,
glutathione peroxidase, and the Fenton reaction. A decreased SH/S-S ratio by oxidation can

be reversed by glutathione reductase or glutaredoxin 1; the latter specifically reduces
proteinthiol mixed disulfides. [Reproduced from Meyer et al.3° with permission from

Elsevier.]
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Figure 3.
Proposed interaction between lens proteins, oxidants, light, smoking, antioxidants,

antioxidant enzymes, and proteases. Lens proteins are subject to alteration by light and
oxygen but are protected indirectly by antioxidant enzymes and directly by antioxidants. A
higher-glycemic-index diet also enhances oxidation and/or glycation-induced protein
damage. When levels of damaged proteins are low, the ubiquitin—proteasome system (UPS)
(center) and the lysosomal proteolytic system (LPS) (right side, ovals) can degrade the
damaged proteins, thereby averting toxicity (top). Under chronic stress, glycated (CHO),
ubiquitinated (Ub), or otherwise oxidatively modified proteins accumulate. Some may
oligomerize and crosslink, forming the higher-mass aggregates that precipitate in cataracts if
there is insufficient proteasomal (including deubiquitinating) activity.
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