Chapter 13
Lutein and Zeaxanthin and Eye Disease
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Key Points

* The xanthophylls lutein and zeaxanthin are oxygenated carotenoids that preferentially accumulate
in the macular region of the retina. Lutein, zeaxanthin, and meso-zeaxanthin (a conversion product
of lutein formed in the macula) are referred to as macular pigment. Lutein and zeaxanthin are also
present in all other ocular structures except the vitreous, cornea, and sclera; although, their concen-
trations are much lower than in the macular region. Lutein and zeaxanthin protect the ocular tissues
by their ability to filter damaging blue light and their antioxidant potential.

» Eye diseases that have been associated with low lutein and zeaxanthin include age-related macular
degeneration (AMD)—due to the exclusive location of lutein and zeaxanthin in the macula, which
is the sight of AMD insult; cataract—due to the presence of lutein and zeaxanthin in the lens,
which is constantly exposed to light and oxygen; and retinitis pigmentosa— due to the presence of
lutein and zeaxanthin in the rod outer segments and in the macula.

* The etiology of each eye disease will be discussed briefly followed by a review of epidemiological
evidence and findings from intervention studies with lutein and zeaxanthin, alone and in combina-
tion with other nutrients.

* The role of lutein and zeaxanthin in improving visual function will also be examined.

* The chapter will close with a brief summary of conclusions and future directions.
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Introduction

Structure and Tissue Distribution of Lutein and Zeaxanthin

Lutein and zeaxanthin are known as oxygenated carotenoids or xanthophylls due to the presence of
two hydroxyl groups, one on each of the two ionone rings (Fig. 13.1). They are 40 carbon polyiso-
prenoid compounds with nine conjugated double bonds in the polyene chain [1]. Lutein and zeaxan-
thin are stereoisomers of one another but are not interchangeable wherever they have a functional role
[2]. Lutein has both 3 and € type ionone rings, while zeaxanthin has two [ type ionone rings [2].
The hydroxyl groups make lutein and zeaxanthin more polar in nature compared with lycopene,
a-carotene, and -carotene, which are pure hydrocarbons. The relative orientation of the hydroxyl
groups dictates the observed specificity in tissue accumulation and orientation within the cell mem-
branes. The structure is also important in the specific recognition of lutein and zeaxanthin by binding
proteins [3].

Of the 700 carotenoids identified in nature, only 13 carotenoids and their 12 isomers are found in
the serum and only two, lutein and zeaxanthin, exclusively accumulate in the macula of the human
eye. The macula lutea is a yellowish region 5-6 mm in diameter in the posterior pole of the human
retina responsible for the central 15-20° of vision [4, 5]. Lutein, zeaxanthin, and meso-zeaxanthin, a
conversion product of lutein formed in the macula [6], are collectively referred to as macular pigment
(MP). The macular region has a central depression, a region called the fovea (Fig. 13.2), an area so
rich in cone receptors that permits maximal visual acuity [2]. The concentration of xanthophylls in the
central macula is about 1 mM, which corresponds to more than 3 orders of their concentration in
normal serum [7, 8]. However, in regions just a few millimeters from the central fovea the concentra-
tion of xanthophylls drops more than 100-fold [5]. The ratio of lutein to zeaxanthin increases from
about 1:2.4 in the central 0-0.25 mm of the macula to greater than 2:1 in the periphery, distances
exceeding 6 mm from the fovea [7, 9, 10]. Meso-zeaxanthin was shown to be present in the macular
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Fig. 13.1 Illustration of the structures of lutein, zeaxanthin, and meso-zeaxanthin (conversion product of lutein in the
macula)
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Fig. 13.2 An illustration of the structure of the eye showing the different regions including the macular regions where
lutein and zeaxanthin exclusively accumulate. Credit for the eye image: Webvision (http://webvision.med.utah.edu/
sretina.html), with permission

region (not 8 mm and peripheral retina) of xanthophyll-free rhesus monkeys that were fed a pure
lutein diet and not those that were fed a pure zeaxanthin diet demonstrating that lutein isomerizes to
meso-zeaxanthin via migration of a double bond [6]. This partially explains the disparity between the
3:1 ratio of lutein to zeaxanthin in the blood and the 1:2 in the macula and also the lower lutein to
zeaxanthin ratio in the fovea compared to the periphery [5]. The lutein:zeaxanthin:meso-zeaxanthin
ratio in the macula is 1:1:1 [6, 7].

Knowing that these xanthophylls are present in the fovea and peripheral regions of the retina, the
question arises to their precise location within the cellular and subcellular structures. Lutein and zeaxan-
thin are said to be asymmetrically distributed across the depth of the retina (Fig. 13.3), with highest
concentrations in the inner retinal layers [7, 11, 12]. In 1984, Snodderly et al. described MP distribution
patterns that hypothesized the cone axons (outer plexiform layer) to contain the highest densities of MP
due to the high density of cone photoreceptors in the fovea [12]. Others have also shown the majority of
the pigments to be concentrated in the outer plexiform layers of the fovea as well as the outer and inner
plexiform layers of the adjacent areas [7, 12—14]. There is strong evidence showing the presence of
lutein and zeaxanthin in the photoreceptor rod outer segments (ROS), where they were shown to repre-
sent 10—15% and 25% of total retinal lutein and zeaxanthin in two separate studies [15, 16]. Within the
ROS, the highest density of lutein and zeaxanthin exists in the perifoveal region (Fig. 13.2), where the
concentration of pigments was 2.5-times greater than in the peripheral regions of the retina [15]. Lutein
and zeaxanthin were also detected in the retinal pigment epithelium (RPE), but their concentrations were
less than half of that found in ROS [15]. The high selectivity and distribution of lutein and zeaxanthin in
these retinal layers suggests the presence of specific binding proteins. Bernstein et al. have shown the
presence of carotenoid binding proteins in the retina, which specifically bind lutein and zeaxanthin.


http://webvision.med.utah.edu/sretina.html
http://webvision.med.utah.edu/sretina.html

218 R. Vishwanathan and E.J. Johnson

Q Section of retina b

Lutem and Zeaxanthin

[ Cone Cone
s Rod
‘ Lutein and Zeaxanthl

’ . . Lutem ’

Dlstdl. . . Lutem and Zeaxanthm

Pigment
epithelium

C°“5 receplor

segments

nuclear

plexiform
layer

i
}
|
|
i

Horizontal

cell
Lateral

~+—information —=
flow

nuclear

Amacrine
cell

< StARD3
@ Glutathione S-transferase Pl

-+— Vertical information flow

Proximal

Zeaxanthin

plexiform
layer

§ Tubulin

Ganglion
cell

Ganglion
cell layer

M.

-+—To optic nerve

Nerve fiber

ﬂLighl

Fig. 13.3 (a) Cross section of the retina showing the different neuronal cells. (b) Distribution of lutein and zeaxanthin
within the cellular structures and the associated specific carotenoid binding proteins that have been detected in these
regions. Credit for cross section of the retina: Purves D, Augustine GJ, Fitzpatrick D et al., editors. The retina.
Neuroscience. 2nd ed. Sunderland (MA): Sinauer Associates, 2001, with permission

Tubulin was shown to bind lutein and zeaxanthin in the photoreceptor axon layer, glutathione S-transferase
P1 (GSTP1) concentrated in the outer and inner plexiform layers of the fovea and in the photoreceptor
inner segment ellipsoid region specifically bound to zeaxanthin, and the steroidogenic acute regulatory
domain protein 3 (StARD?3) specifically bound to lutein (Fig. 13.3) [3, 17].

Lutein and zeaxanthin are present in all other ocular structures with the exception of the vitreous,
cornea, and sclera [5]. Approximately 30% of the ocular lutein and zeaxanthin are present in the uveal
structures (i.e., iris, ciliary body, and RPE/choroid) [5]. Long-term supplementation with high doses
of lutein can increase lutein concentration in ocular tissues such as the lens and peripheral retina that
generally contain low levels of lutein and zeaxanthin [18]. In the lens, 75% of the lutein and zeaxan-
thin are present in the epithelium and cortex [19]. Other than the ocular tissues, lutein and zeaxanthin
are found in the adipose tissue, ovaries, testes, liver, skin, human milk, and more recently have been
detected in the brain [20-25].

Role of Lutein and Zeaxanthin in the Eye

Unlike a-carotene, 3-carotene, and -cryptoxanthin, lutein and zeaxanthin do not have provitamin A
activity [26]. The presence of hydroxyl groups in the ionone rings prevents enzymatic cleavage at the
15-15' bond which is involved in the formation of vitamin A aldehyde [27].
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Lutein and zeaxanthin are believed to function in ocular health through their ability to absorb
damaging blue radiation of light and their strong antioxidant potential. The cornea and lens filter UV
radiation of light allowing visible blue light to reach the retina. MP has an absorption maximum of
about 450 nm and acts as an effective filter diminishing the intensity of blue light reaching the photo-
receptors [28]. Lutein and zeaxanthin as MP attenuate as much as 40% of the blue light from reaching
the retina [29]. Lutein has a greater filtering efficiency compared to zeaxanthin [28] due to the differ-
ence in position of the double bond within the ionone ring. Lutein is able to orient itself both parallel
and perpendicular to the plane of the membrane, while zeaxanthin can only lie perpendicular to the
membrane [28, 30]. The two orientations of the lutein molecule allow for blue light absorption from
all directions, which is not the case with zeaxanthin [5]. Even though [-carotene and lycopene have
absorption maxima around 450 nm, the absence of hydrophilic groups causes them to remain within
the hydrophobic core of the membrane making them unable to efficiently filter blue light [1].
Furthermore, these carotenes are not present in significant concentrations in ocular tissue [31].
Evidence for MP providing protection from light damage comes from observations in older adults in
whom an increased loss of sensitivity of the short wavelength-sensitive-cones (S-cone) was observed
across the retina compared to younger adults, with more loss of sensitivity at the nonfoveal locations
compared to the fovea, an area where MP is at its peak [32].

Because of their slightly hydrophilic nature, lutein and zeaxanthin are able to quench singlet oxy-
gen more effectively in the water phase compared to the completely hydrophobic hydrocarbon caro-
tenoids [33]. Lutein and zeaxanthin have the ability to scavenge reactive oxygen species and limit
peroxidation of membrane phospholipids. Under conditions of prolonged UV exposure, zeaxanthin is
more effective than lutein in diminishing UV-induced lipid oxidation [30]. The retina is particularly
susceptible to oxidative damage because of its high consumption of oxygen, its high concentration
of polyunsaturated fatty acids, such as docosahexaenoic acid (DHA), and its exposure to visible light
[34]. The photoreceptor cells are constantly exposed to light which could lead to generation of elec-
trically excited species. These could react with molecular oxygen to produce reactive oxygen species
and cause lipid peroxidation and cellular damage [5]. Furthermore, the presence of oxidative metab-
olites of lutein and zeaxanthin in the retina, such as 3-hydroxy-beta, epsilon-caroten-3'-one, and
3'-epilutein, which are not of dietary origin, is evidence for the antioxidative role of lutein and zeax-
anthin in the retina [31].

In the iris, lutein and zeaxanthin most likely act as blue light filters, while in the ciliary body, an
area of high metabolic activity, they most likely act as antioxidants [35]. In the lens as well, lutein and
zeaxanthin most likely have an antioxidant function, with the constant exposure to oxygen and UV
radiation. Due to their presence in the eye, lutein and zeaxanthin have been extensively researched in
the prevention and treatment of eye diseases. The focus of this chapter is to discuss the most current
findings on lutein and zeaxanthin in the treatment and prevention of age-related macular degenera-
tion, cataract, and retinitis pigmentosa. The role of these macular carotenoids in visual function will
also be discussed.

Eye Diseases

Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is the leading cause of blindness in adults aged 60 years
and over in industrialized countries. The prevalence of AMD increases dramatically with age. Nearly
30% of Americans >75 years have early signs of AMD and 7% have advanced AMD, whereas the
respective prevalence is 8% and 0.1% in adults aged 43-54 years [36]. None of the current treatment
options can reverse the damage caused by AMD.
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Cataract Retinitis Pigmentosa

Credit: National Eye Institute, National Institutes of Health

Fig. 13.4 A scene viewed by a person with (a) normal vision, (b) age-related macular degeneration, (c) cataract, and
(d) retinitis pigmentosa. Credit: National Eye Institute, National Institutes of Health

AMD is a disease that affects the macular region of the retina causing loss of central vision
(Fig. 13.4) and as the disease advances can lead to complete blindness. Posterior to the photoreceptors
lies the RPE, part of the blood-ocular barrier, which has several functions including phagocytosis of
the photoreceptors [37]. The clinical hallmark and usually the first clinical signs of AMD is the pres-
ence of drusen. Drusen are extracellular deposits that accumulate between the RPE and inner layer of
the Bruch’s membrane and appear as pale yellow spots on the retina [38]. They are formed due to
inability of the RPE to adequately perform its function of phagocytosis. Drusen can also be present in
the normal aging eye. AMD can be classified into the following types based on the Age-Related Eye
Disease Study (AREDS) classification system: (1) Early AMD —presence of few (<20) medium-sized
drusen or retinal pigmentary abnormalities, (2) Intermediate AMD —presence of at least one large
drusen, numerous medium-sized drusen, or geographic atrophy that does not extend to the center of the
macula, (3) Advanced or late AMD —can either be neovascular (wet, exudative) or non-neovascular
(dry, atrophic, non-exudative) [39]. Neovascular non-exudative is characterized by drusen and geo-
graphic atrophy that extends to the macula [37]. Neovascular exudative is characterized by the growth
of new blood vessels under the RPE and sometimes into the sub-retinal space. The early stages of
AMD are generally asymptomatic. In the later stages there may be distortion of vision or complete
loss of visual function, especially central vision [40]. The pathogenesis of AMD is complex; however,
the mechanisms of importance are chemical and light-induced oxidative stress, blue light induced
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damage to the RPE and photoreceptor rod cells, RPE dysfunction, hemodynamic processes, and also
genetic factors. Age, family history, race, and female gender are considered to be non-modifiable risk
factors of AMD. The modifiable risk factors include smoking, hypertension, raised serum cholesterol,
excessive alcohol consumption, lifetime exposure to visible blue light, low MP levels, and possibly
low intake of vitamins, minerals, and carotenoids in the diet [34, 41, 42].

Macular Pigment

Lutein and zeaxanthin are uniquely located in the fovea, which is the site of AMD insult. The associa-
tion of MP density with AMD is biologically plausible given the ability of lutein and zeaxanthin to
filter blue light and act as antioxidants protecting the retina from oxidative stress. Evidence shows that
MP density decreases with AMD. Concentrations of lutein and zeaxanthin in the retinas from AMD
donors were lower than in controls suggesting that low MP density could be a risk factor for AMD
[43]. Subjects with advanced AMD in one eye had significantly lower MP density in the other eye
compared to healthy eyes of subjects without AMD [44]. MP density was found to be 32% lower in
the eyes of AMD patients compared to normal disease-free eyes [45]. However, in a cross-sectional
study of women participating in the Carotenoids in Age-related Eye Disease Study (CAREDS) MP
density was not related to intermediate AMD. After an exploratory analysis, the authors suggested
that the observations may have been biased in older women, whose diets improved with age. The
authors also suggested the possibility that low MP density could be the result, rather than the cause,
of damage to the retina with AMD [46]. A similar observation was reported in a subset of the Rotterdam
Eye Study, another cross-sectional study that examined MP density in subjects >55 years with or
without AMD [47]. The reason for these conflicting observations may be the cross-sectional nature of
the studies, as data from a prospective study found MP density to be reduced in subjects with late
AMD [48]. Evidence that MP density is reduced in AMD suggests that higher dietary intake of lutein
and zeaxanthin could increase their accumulation in the macula and thus protect against AMD.

Epidemiological Evidence

A number of studies have looked at the relationship between dietary intake of lutein and zeaxanthin
and the risk of AMD. Three case—control studies showed high dietary intakes or plasma levels of
lutein and zeaxanthin were related to reduced risk of advanced neovascular AMD [49-51]. In the Eye
Disease Case—Control Study, subjects in the highest quintile of spinach consumption, a rich source
of lutein and zeaxanthin had 86% lower odds of advanced AMD [50]. Case—control analysis of the
AREDS population found that subjects in the highest quintile of lutein and zeaxanthin intake had
lower odds of neovascular AMD and large or extensive intermediate drusen compared to the lowest
quintile. Cross-sectional data from CAREDS showed that high lutein and zeaxanthin intakes (~3 mg/
day) were related to a decreased risk of intermediate AMD compared to low intakes (792 pg/day) in
women <75 years, who are at risk of diet changes, but not in women >75 years [52]. In this popula-
tion of women <75 years of age, a strong inverse relationship was observed between prevalence of
intermediate AMD and high intake of green vegetables (12 servings/day of cooked greens, lettuce,
spinach salad, broccoli, peas, and zucchini squash). Prospective data from the Blue Mountains Eye
Study (BMES) showed that high intake of lutein/zeaxanthin (>942 pg/day) reduced the risk of inci-
dent neovascular AMD and subjects with above median intakes (>743 pg/day) had a reduced risk of
indistinct soft or reticular drusen during a 5-10-year follow-up [42]. Again, subjects in the highest
quintile of vegetable intake in the BMES also had reduced odds of developing any AMD. However,
the observations reported by Robman et al. were exactly the opposite. In this study, higher dietary
intakes of lutein and zeaxanthin were related to increased rate of progression of AMD [53]. The study
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included subjects who had either participated in the Melbourne Visual Impairment Project (MVIP),
a population-based study that evaluated the association of cataract and dietary intake of lutein and
zeaxanthin or in the Vitamin E, Cataract, and Age-related Macular Degeneration Trial (VECAT), a
randomized controlled trial that showed no effect of intake of 500 IU/day of vitamin E for 4 years on
cataract. One of the possible reasons for greater AMD risk could be that these subjects started eating
a diet high in lutein and zeaxanthin based on the knowledge of the beneficial effects of these xan-
thophylls gained by participating in the MVIP and VECAT. Also, high intake may not translate to
higher retinal uptake as these AMD- and cataract-affected eyes may have impaired uptake mecha-
nisms. Intake levels of 0.88—1 mg/day of lutein and zeaxanthin combined were associated with higher
odds of AMD. In other studies, the levels of 1-3 mg/day of lutein alone or up to 6 mg/day of lutein
and zeaxanthin combined were associated with reduced risk of AMD. Thus, it appears that the levels
may have been too low to see a beneficial effect in eyes already affected with AMD and cataract.

In a case—control study in China, serum lutein and zeaxanthin concentrations were lower in sub-
jects with exudative AMD compared to controls [54]. In a cross-sectional study, Gale et al. found that
subjects with the lowest plasma zeaxanthin concentration (<0.03 M), not plasma lutein or lutein plus
zeaxanthin, had a twofold greater risk of AMD compared to subjects with high plasma zeaxanthin
(>0.05 puM) [55]. Cross-sectional examination of the baseline data from the POLA study revealed
similar associations of high plasma zeaxanthin concentrations (>0.09 uM) with reduced risk of AMD
compared to low plasma zeaxanthin (<0.04 uM). They also reported an association with plasma lutein
and zeaxanthin combined [56]. However, in the POLA study population, the high plasma zeaxanthin
concentrations were much greater than in the Gale et al. study. The authors attributed this to a higher
dietary intake of these xanthophylls. Contrary to these protective inverse associations, a nested case—
control study of the Beaver Dam Eye Study cohort found no difference in serum lutein and zeaxanthin
concentrations between early AMD and age, sex, and smoking matched controls [57]. Serum concen-
trations, unlike tissue concentration, are not a good measure of long-term dietary intake, which may
have caused the null findings. Indeed, high retinal levels of lutein and zeaxanthin were associated with
an 82% lower risk of AMD compared with low levels [43].

Intervention Studies

Epidemiological evidence listed earlier suggests that low MP density could increase the risk of AMD.
The most apparent prevention and treatment strategy would thus be to increase MP density via increasing
lutein and zeaxanthin intake in the diet through foods and/or supplements. Consumption of lutein- and
zeaxanthin-rich foods such as spinach, corn, and eggs for periods ranging from 5 to 15 weeks has
significantly increased MP density in a population aged 24—60 years and also in a population >60 years,
who are at an increased risk of AMD [58-60]. However, in an ancillary study of the Women’s Health
Initiative, a low-fat, high fruit and vegetable diet for about 8 years did not alter MP density in post-
menopausal women [61]. The increase in fruit and vegetable intake (approximately 1.5 servings/day)
was possibly of insufficient magnitude to raise MP density. Additionally, subjects in the intervention
group also appeared to have similar lutein and zeaxanthin intake (2.5 mg/day) as the comparison
group (2 mg/day), indicating that the increase in consumption of fruits and vegetables was not neces-
sarily from lutein- and zeaxanthin-rich foods [61].

In addition, MP density has been shown to significantly increase through intake of supplements
containing lutein and zeaxanthin in adults without and with AMD [8, 62-69]. Bone et al. were the first
to show that meso-zeaxanthin is absorbed by the body. They observed increases in serum meso-
zeaxanthin and also MP density following 120 days of supplementation with 15 mg meso-zeaxanthin,
5.5 mg lutein, and 1.4 mg zeaxanthin [70]. Following this, in a recent exploratory study, improve-
ments in MP density and MP spatial profile were reported after 2 weeks of supplementation with a
formulation containing 3.7 mg lutein, 0.8 mg zeaxanthin, and 7.3 mg meso-zeaxanthin [71].
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Change in MP density post-supplementation appears to be related to baseline MP density levels
with supplementation being most beneficial in a population with low baseline MP density [59, 60, 72].
Zeimer et al. suggested that long-term supplementation with high doses of lutein may be necessary to
cause a significant improvement in MP density, but lutein and zeaxanthin levels in foods are sufficient
to maintain high MP density [63]. MP enrichment can also be achieved through intake of foods that
are rich in lutein and zeaxanthin, such as spinach, corn, and eggs [58—60]. All studies listed above,
with the exception of one, evaluated high doses of lutein supplementation (6, 10, 12, 20, or 30 mg/
day), while zeaxanthin doses were lower (1-3 mg/day). The Lutein Xanthophyll Eye Accumulation
Study (LUXEA) evaluated the effects of supplementation with lutein (11 mg/day) or zeaxanthin
(13 mg/day) for 6 months on MP density. Increases in MP density in the fovea were similar to the
parafovea for the zeaxanthin-supplemented group. This confounded MP density measurements
because parafoveal measures are used as a reference measure. Therefore, a correction was needed to
determine MP increases with zeaxanthin supplementation. This was not the case with lutein supple-
mentation, which caused MP density increase in the fovea only [67]. These findings suggest zeaxan-
thin is deposited more widely in the retina during supplementation, while lutein accumulates more in
the fovea. Normal distribution in unsupplemented individuals is the reverse, zeaxanthin is dominant
in the fovea and lutein in the periphery [9]. The authors speculated that higher amounts of zeaxanthin
in the fovea compared to lutein at baseline possibly caused greater zeaxanthin deposition in the para-
foveal regions during supplementation. Similarly, the normally high lutein levels in the peripheral
regions of the retina compared to zeaxanthin possibly caused greater deposition of lutein in the fovea
during lutein supplementation.

Supplementation with lutein and zeaxanthin as well as meso-zeaxanthin can significantly improve
MP density in populations without and with AMD. The ability of supplementation with these xan-
thophylls to slow the progression of AMD and/or influence other visual function parameters will now
be discussed. In the Lutein Antioxidant Supplementation Trial (LAST), a double-blinded, placebo-
controlled, randomized trial, 10 mg/day lutein alone or in combination with antioxidants, vitamins,
and minerals for 1 year improved visual function and subjective results of Amsler grid testing in
patients with atrophic AMD [66]. Improvements were also reported in glare recovery and contrast
sensitivity in this study. In the Age-related Maculopathy Italian Study, nonadvanced AMD patients
supplemented with 10 mg lutein, 1 mg zeaxanthin, and 4 mg astaxanthin together with vitamins C and
E, zinc, and copper daily for 12 months showed improvements in a selective dysfunction that affects
the central retina (0°-5°) but no functional changes were reported in the more peripheral (5°-20°)
regions of the retina [73]. However, supplementation with 6 mg lutein in combination with vitamins
C and E, retinol, zinc, and copper for 9 months did not affect contrast sensitivity in atrophic AMD
patients when compared to controls [74]. The 6 mg lutein used in this study was in an ester form,
which would be equivalent to only about 3 mg of lutein [75]. Also, the authors suggested that the
change in contrast sensitivity was clinically important. The authors provided plausible explanations
for their counterintuitive results, which include genetic factors that affect lutein binding proteins in the
retina, lower dosage of lutein, and bioavailability of lutein esters. However, free lutein and lutein
esters had comparable bioavailability [75]. Supplementation with 12 mg lutein and 1 mg zeaxanthin
together with vitamins C and E, zinc, and selenium for 6 months significantly increased MP density
in an older adult population, 90% of whom exhibited some clinical features of AMD [76]. The AREDS
intervention of vitamin C (500 mg), vitamin E (400 IU), B-carotene (15 mg), zinc (as zinc oxide,
80 mg), and copper (as copper oxide, 2 mg), but not lutein or zeaxanthin, was found to lower the risk
of AMD by 25% in individuals who had intermediate or advanced AMD in one eye but not the other
eye [77]. The ongoing AREDS 2 intervention is evaluating the effect of lutein, zeaxanthin, and
omega-3 fatty acids on progression to advanced AMD [78].

On a slightly different note, cataract surgery, where the natural crystalline lens is replaced with a
clear artificial intraocular lens, is an independent risk factor of AMD [79, 80]. There is increased
transmission of short wavelength light to the retina after cataract surgery and an induced intraocular
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inflammatory response; either or both of these could enhance AMD risk [81, 82]. Interestingly,
implantation of a blue light filtering intraocular lens, not a standard intraocular lens, during cataract
surgery increased MP density 3 months post-surgery in the absence of raised serum lutein and zeax-
anthin concentrations [83]. The authors did not hypothesize an increase in MP density with blue light
filtering lens, but only a stabilization of MP density. They speculate that there is enhanced retinal
capture of lutein and zeaxanthin following cataract surgery to offset the increased photo-oxidative
damage from the increased visible light irradiation of the retina, but the photo-oxidative damage does
not occur with blue light filtering lens causing an increase in MP density.

Cataract

Age-related cataract is one of the major causes of visual impairment and blindness in the aging US
population. Approximately 50% of the 30—50 million cases of worldwide blindness result from unop-
erated cataract [84, 85]. A clinically significant cataract is present in about 5% of Caucasian Americans
aged 52-64 years and rises to 46% in those aged 75-85 years [36]. In the USA, cataract extraction
accompanied by ocular lens implant is the most common surgical procedure of the eye [86]. Lens
implantation enables many to have reduced dependence on glasses. However, the procedure is costly,
accounting for 12% of the Medicare budget and more than $3 billion in annual health expenditures
[86, 87]. For these reasons, the prevention of cataract is a preferred alternative to surgery.

Three types of cataract are defined by their location in the lens. Nuclear cataract occurs in the cen-
ter or nucleus of the lens and is the most common type [36], which interferes with a person’s ability
to see distant objects and is usually the result of advancing age. Cortical cataract begins at the outer
rim of the lens (the cortex) and progresses towards the center, and is most common in diabetics.
Posterior subcapsular cataract (PSC) occurs in the central posterior cortex, just under the posterior
capsule, the membrane that envelops the lens. PSC can occur in younger individuals progressing rap-
idly and resulting in glare and blurriness [88]. This type of cataract is usually seen in patients who use
steroids, are diabetic, or have extreme nearsightedness. Figure 13.4 shows a scene viewed by a person
affected with cataract.

Various factors are involved in the development of cataracts, such as long-term light exposure,
diabetes, smoking, alcohol use, and advancing age [88]. Such factors can lead to aggregation of the
lens proteins and osmotic damage resulting in increased scattering of light and loss of lens transpar-
ency. Protein aggregation mainly occurs in the lens nucleus and osmotic damage occurs in the lens
cortex [89]. Free radicals are generated in the lens during normal metabolic activities and as a result
of photo-oxidative reactions due to increased UVB exposure (related to cortical and PSC). These free
radicals can also cause electrolyte imbalance and protein aggregation. Lutein and zeaxanthin are ide-
ally located in the lens to provide protection against free radical damage. Other innate antioxidant
defense mechanisms, which include enzymes such as superoxide dismutase and glutathione and non-
enzymatic molecules such as vitamins C and E also protect the lens from oxidative stress.

Epidemiological Studies

A number of studies have investigated the relationship between dietary intake of lutein and zeaxanthin
and the incidence of cataract. In prospective data from the Nurses’ Health Study population, a
significant reduction in the incidence of cataract extraction was observed with high dietary intake of
dark green vegetables such as spinach, which are rich in lutein, but not with vegetables such as car-
rots, sweet potatoes, and squash, which are rich in carotenes [90]. The risk of cataract extraction was
19% lower in the US male health professionals who had the highest lutein and zeaxanthin intake
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compared to those with the lowest intake [91]. Again, broccoli and spinach were more consistently
associated with reduced risk compared to iceberg and romaine lettuce and corn indicating a protective
effect of lutein-rich foods. A similar inverse association was observed in a case—control study con-
ducted in Northern Italy. In this study, reduced odds of cataract extraction were reported in subjects
with the highest intake of cruciferous vegetables and spinach [92]. The evidence of a beneficial asso-
ciation between lutein and zeaxanthin intake and nuclear cataract seems promising. Higher dietary
intake of lutein and zeaxanthin was associated with a reduced risk of nuclear cataract compared to low
intakes [93, 94]. When examining specific foods, Christen et al. found a borderline significant inverse
relation with green leafy vegetables and raw spinach. The MVIP found an inverse association between
high dietary intake of lutein and zeaxanthin and prevalence of nuclear cataract, but not cortical and
PSC in an Australian population aged 40 years and older [95]. Also, CAREDS found that women in
the highest quintile of dietary intake or serum lutein and zeaxanthin were 32% less likely to have
nuclear cataract compared to those in the lowest quintile [96]. In the prospective POLA study, plasma
zeaxanthin, and not lutein, was associated with a 75% reduced risk of nuclear cataract in residents of
Southern France [56]. Similarly, high zeaxanthin intake was protective against cataract in institution-
alized men aged 65 years and older [97]. In the same study, men and women who consumed >3.29 mg/
day of lutein were less likely to have cataracts than those whose consumption was <0.26 mg/day.
Neither dietary intake nor plasma lutein and zeaxanthin were found to be related to cortical cataract
risk [98—100]. Risk of PSC was 50% lower in women with the highest vs. lowest lutein/zeaxanthin
intake and also in individuals with high plasma lutein/zeaxanthin concentrations [99, 101]. Among
the epidemiological studies mentioned above, lutein and zeaxanthin intake in only one study included
intake from both diet and supplements [98]; in the other studies, dietary intake represents lutein and
zeaxanthin from food sources alone. Unlike the protective effects reported by other studies, the Beaver
Dam Eye study reported an increased risk of nuclear cataract in women with high serum lutein levels
[102]. This inconsistent finding may be due to the cross-sectional nature of the study or the fact that
serum lutein may not reflect lutein levels in the lens [103].

Intervention Studies

Two intervention studies to date have evaluated the effect of lutein supplementation on subjects diag-
nosed with cataract. In these two separate long-term intervention studies, supplementation with 7 mg/
day of lutein (equivalent to lutein in ~100 g of spinach [104]) and 12 mg of lutein three times a week
was shown to improve visual acuity and glare sensitivity in cataract patients [105, 106]. Several ran-
domized controlled trials have evaluated a combination of vitamins and micronutrients; the most
frequently studied were vitamins C and E and B-carotene. The AREDS, the Antioxidants in the
Prevention of Cataract (APC) study done in southern India, the Roche European American Cataract
Trial (REACT), and the Alpha-tocopherol Beta-carotene (ATBC) study did not demonstrate beneficial
effects of supplementation [107-110]. Reduction in lens opacity or nuclear cataract incidence with
supplementation was observed in the US population of the REACT study, the Linxian study done in
rural China, and the Italian Clinical Trial of Nutritional Supplements and Age-related cataract study
[109, 111, 112]. However, the interventions used in these studies were a combination of multivita-
mins and minerals, which included B-carotene but not lutein and zeaxanthin. The ability of lutein and
zeaxanthin to retard the development or progression of cataract or lens opacity has not been
evaluated.

In conclusion, epidemiological studies provide strong evidence to suggest that long-term intake of
dietary lutein and zeaxanthin may provide protection against the incidence of nuclear cataract, to a
lesser extent PSC, but not cortical cataract. Most noteworthy is the fact that pharmacological doses are
not necessary, because an adequate amount is found in foods such as spinach, kale, and broccoli.
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Retinitis Pigmentosa

Retinitis pigmentosa (RP) is the leading cause of inherited blindness in the developed world, affecting
50,000-100,000 people in the USA and an estimated 1.5 million people worldwide [113, 114]. RP
refers to a group of inherited retinal disorders that result in the degeneration of rod and cone photore-
ceptors [115]. Clinically, rod cell death translates to night blindness which generally precedes defects
in peripheral visual field, i.e., tunnel vision (Fig. 13.4), by years or even decades. Cones are seldom
directly affected by identified mutations. They degenerate secondarily to the rods as the disease pro-
gresses, which results in loss of central vision and complete blindness [113]. Many individuals with
RP are not legally blind until their 40s or 50s and some RP patients even retain partial sight through-
out life. On the other hand, some RP patients go completely blind during childhood.

RP can be inherited as an autosomal-dominant (30—40% of cases), autosomal-recessive (50—-60%),
or X-linked (5-15%) trait [115]. Mutations in the rhodopsin gene account for ~25% of dominant RP.
Mutations in the USH2A gene may be the cause of ~20% of the recessive RP [116]. The USH2A
gene encodes for the protein usherin and may be important for retinal development and maintaining
homeostasis. Mutations in the GTPase regulator gene may account for ~70% of X-linked RP [115].
These mutations cause ~30% of all cases of RP. Mutations identified in other genes include:
enzymes of the phototransduction cascade [transducin o-subunit, guanylate cyclase, cGMP-dependent
phosphodiesterase, and arrestin]; structural or trafficking proteins [peripherin/RD, ABCR]; more
rarely genes encoding proteins involved in vitamin A metabolism [CRALBP, RPE 65] and phagocy-
tosis of photoreceptor outer segments [117—-125]. Mutations affecting proteins involved in specific
biochemical pathways that transduce light can cause hyperpolarization and apoptosis of the rod pho-
toreceptor cells.

The high concentration of lutein and zeaxanthin in the ROS and also in the macula warrants their
investigation in the treatment of RP. In a small, uncontrolled study of 13 RP patients and 3 patients
with other retinal diseases, supplementation with 40 mg lutein/day for 9 weeks improved visual acu-
ity and visual field area [126]. Lutein supplementation (10 mg/day for 12 weeks followed by 30 mg/
day for 12 weeks) also improved central visual field in 34 RP patients in a randomized, cross-over,
placebo-controlled, double-blinded study [127]. In another double-blinded, randomized control trial
(RCT), nonsmoking RP patients supplemented with 12 mg/day of lutein along with 15,000 IU/day
of vitamin A for 4 years had a slower decline in midperipheral visual field sensitivity compared to
controls who were taking 15,000 IU/day of vitamin A [128]. Maximum slowing of midperipheral
sensitivity also occurred among those with the highest serum lutein concentration and greatest
increase in MP density and was not limited to those with milder disease. Unlike the previous two
studies, no significant effect of this intervention was observed on central field sensitivity. The detect-
able benefit of lutein supplementation in preserving midperipheral function but not central function
may reflect an increased requirement for antioxidants in the photoreceptor outer segments, where
cells are most impaired. No toxic effects of lutein supplementation were observed in this study. No
beneficial effect on central vision was observed in a small group of patients (n=23) with RP and
Usher’s syndrome who were supplemented with 20 mg lutein/day for 6 months [129]. MP density
profile was not significantly different between controls and RP patients. MP density was related to
foveal structure in RP patients compared with controls. MP density was lower in patients with
reduced inner retinal thickness, suggesting that loss of inner retinal tissue is known to occur with
outer retinal degenerations. Similar observations were made in a cross-sectional study that showed
decreased MP density in eyes with more photoreceptor cell loss and in eyes with cystoid macular
edema, which occurs in more than 25% of RP patients [130]. MP density increased in only half the
subjects post-lutein supplementation of 20 mg/day for 6 months despite increases in serum lutein
concentration [129]. The nonresponse in MP density may have been due to loss of photoreceptor
cells or disruption of lutein uptake mechanisms in the macula [130]. Supplementation may have also
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caused increases in lutein levels in peripheral regions of the retina, which cannot be detected by
heterochromatic flicker photometry. This is a noninvasive, psychophysical technique that can mea-
sure pigment density in the macular region only.

The evidence to date indicates that short-term lutein supplementation at doses of 230 mg/day or
long-term supplementation at doses of 1020 mg/day in combination with 15,000 IU/day of vitamin
A may benefit central or midperipheral visual fields, respectively. Larger-scale placebo-controlled
dose-response clinical studies are needed to derive more conclusive evidence of the benefits of lutein
supplementation in specific types of RP. Preservation of central vision is necessary for preventing
complete blindness in RP patients. Vitamins A and E and omega-3 fatty acids benefit RP patients
[131-136]. More studies are needed to determine if lutein in combination with vitamin A and omega-3
fatty acids can help preserve central vision and also improve peripheral vision in RP patients.

Visual Function

The role of lutein and zeaxanthin as MP and also their importance in the retina and lens is now well-
established. Data are also accumulating that suggest lutein and zeaxanthin as MP can improve visual
function. There are two hypotheses that explain the mechanism by which MP improves visual func-
tion [137]. The acuity hypothesis states that MP reduces the effect of chromatic aberration. The visi-
bility hypothesis states that MP may improve vision through the atmosphere by preferentially
absorbing blue haze (short-wave dominant air light that produces a veiling luminance when viewing
objects at a distance). MP may improve glare disability and photostress recovery because of its light
filtering properties [138]. Some biological mechanisms, such as improvement in neuronal signaling
efficiency in the eye, have also been suggested by which lutein and zeaxanthin may improve visual
function [139].

High lutein and zeaxanthin intake improves MP density; therefore, it may improve visual function
measures. Subjects from the LUXEA study, described in the AMD section, showed improved contrast
acuity thresholds at high mesopic levels, which means better visual performance when ambient illu-
mination is low [140]. Although increases in MP density were not related to contrast acuity thresh-
olds, the results of this study suggest that lutein and zeaxanthin supplementation may benefit activities
such as driving at night. Six months of supplementation with 12 mg/day of lutein was shown to
increase MP density in healthy subjects with a mean age of 23 years and improve visual performance
in glare function tests [141]. Lutein has been reported to protect against the detrimental effects of
long-term computer display light exposure in healthy subjects aged 22-30 years of age [142]. In this
study, 12 weeks of supplementation with 12 mg/day of lutein also improved contrast sensitivity.
Lutein supplementation (5 mg) in combination with zeaxanthin (I mg) and blackcurrant extract
(200 mg) was also shown to reduce symptoms of visual fatigue associated with visual proof-reading
tasks in healthy subjects aged 22—45 years [143].

The effect of lutein supplementation on visual performance was evaluated in patients with eye
disease. In a double-blind, placebo-controlled study involving cataract patients (n=17), supplementa-
tion with 15 mg lutein three times a week resulted in improved visual acuity and glare sensitivity
[105]. In patients with retinal degeneration, lutein supplementation (2040 mg/day, 26 weeks)
improved visual acuity and mean visual field area, which began 2—4 weeks after the intervention but
plateaued at 6-14 weeks [126]. RCTs involving AMD patients have shown that lutein supplementa-
tion, ranging in dose from 8 to 15 mg, improved dark adaptation, visual acuity, foveal sensitivity,
contrast sensitivity, and glare recovery [66, 144, 145]. Evidence suggests that high MP density can
improve visual function measures.
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Conclusions

Epidemiological evidence suggests that high dietary intake of lutein and zeaxanthin is related to
reduced risk of AMD. The majority of these studies evaluated neovascular or advanced AMD risk.
Lower AMD risk was associated with higher consumption of lutein-rich dark green vegetables, such
as spinach, broccoli, and lettuce, indicating supraphysiological doses may not be necessary for pre-
vention. The lutein amounts in the high intake groups of epidemiological studies were 1-3 mg/day,
while the lutein and zeaxanthin combined amount was ~6 mg/day. MP density can be augmented by
consumption of lutein- and zeaxanthin-rich foods, such as spinach, eggs, and corn. Also, intake of
high doses of lutein and meso-zeaxanthin supplements increases MP density. High dose zeaxanthin
supplementation, however, may increase pigment levels in the peripheral regions of the retina and not
necessarily in the macular region. Evidence suggests that increased MP density can be maintained by
consumption of lutein- and zeaxanthin-rich foods. MP density can also be increased in AMD affected
eyes. Long-term lutein supplementation at doses of 10 mg/day with or without supplementation with
other antioxidants may improve visual function measures in AMD patients. Lutein and zeaxanthin
have potential impact in the prevention and treatment of AMD.

Despite the limitations associated with evaluating dietary intakes, epidemiological studies have
consistently shown high dietary intake of lutein and zeaxanthin to be protective against the incidence
of nuclear cataract and cataract extraction. The most noteworthy is that among the different food
groups evaluated, high intake of lutein-rich dark green vegetables, such as spinach and broccoli, was
related to decreased cataract risk [90-94]. In the reviewed studies, high lutein and zeaxanthin amounts
were 6 mg/day [91, 94], >3.2 mg/day [96, 97], and >1 mg/day [93, 95] and the corresponding low
doses were 1 mg/day and 250—600 ng/day. The evidence of a beneficial effect of high lutein and zeax-
anthin intake on PSC is very scarce and no associations have been observed with cortical cataract.
More lutein and zeaxanthin intervention studies are necessary to provide convincing evidence that
lutein and zeaxanthin can improve visual function in cataract patients.

Supplementation with high doses of lutein preserved central visual acuity in small RCTs on RP
patients. Lutein in combination with 15,000 IU/day of vitamin A preserved midperipheral visual function.
Both these findings indicate that lutein may play a role in preventing complete blindness in RP patients.

In 2006, the Food and Drug Administration reviewed all the epidemiological and clinical interven-
tion studies on AMD and cataract and concluded that there is no credible evidence for a health claim
about the intake of lutein or zeaxanthin (or both) on the risk of AMD and cataract [146]. In observa-
tional studies, lutein and zeaxanthin intake was calculated using food frequency questionnaires, diet
recalls, or diet records, in which the type and amount of foods consumed was recorded. Lutein and
zeaxanthin intake was then estimated from the USDA’s database on carotenoid composition of foods.
The limitations of these dietary assessment tools include subject’s poor memory, overestimation or
underestimation of portion sizes, the variation in lutein and zeaxanthin levels in the foods, the effect
of consumption method (i.e., cooked vs. raw), type and amount of fat or fiber consumed with the lutein
and zeaxanthin source, and other factors that affect bioavailability. Dietary assessments do not allow
nutrients or food components to be studied in isolation, which may not yield the same findings. Thus,
the findings of observational studies presented in this chapter must be interpreted with caution.

Future Directions

The evidence to date suggests that lutein and zeaxanthin can have a significant impact on AMD and
cataract risk. Of note is that these are the only two carotenoids that are preferentially taken up into the
retina and the lens. More randomized, controlled clinical trials are necessary to determine the dosage
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at which lutein and zeaxanthin interventions are most effective. In the case of AMD, it is evident that
low MP density is one of the modifiable pre-disposing risk factors. MP density can be measured with
ease using techniques such as heterochromatic flicker photometry, motion detection photometry, fun-
dus reflectance spectroscopy, Raman spectrometry, and autofluorescence spectrometry [147].

Clinical models of these MP measurement devices are now available that could be potentially used
by ophthalmologists to assess an individual’s MP density as part of a routine eye examination. If low
MP density is detected early in life, consumption of lutein- and zeaxanthin-rich foods can increase
pigment levels and possibly prevent AMD development later in life. Future studies should focus on
standardizing the clinical devices used for MP assessment and comparing measurements to other
established techniques. Thus, there is scope of prevention of AMD through early identification of
depleted MP levels in the retina. The majority of studies have focused on effects of lutein supplemen-
tation on MP enrichment. Supplementation with lutein or zeaxanthin alone seems to increase pigment
density in different regions of the macula. One study showed supplementation with a high dose of
zeaxanthin increased pigment levels more in the peripheral regions, which normally contain higher
lutein levels. Future studies need to delve deeper into the differential effects of lutein and zeaxanthin
supplementation on pigment enrichment and also functional effects. Studies should also be designed
to evaluate different doses of lutein and zeaxanthin and also the impact of supplementation on differ-
ent stages of AMD.

There is an urgent need to evaluate the effect of lutein and zeaxanthin intervention on progression
of cataract, especially because epidemiological evidence showed a positive effect of high lutein and
zeaxanthin intake on nuclear cataract. Nuclear cataract is the result of advancing age; thus, consuming
a lutein- and zeaxanthin-rich diet early in life may possibly prevent incidence. Large-scale studies are
required to evaluate the effect of lutein intervention in the preservation of vision in RP patients to
prevent the incidence of blindness.

Other than their role in eye disease prevention and visual function, lutein and zeaxanthin may
influence neural functions within the retina and enhance gap junctional communication, which in the
retina is crucial for light processing and may be important for the development of neural circuitry
within the visual system [148]. High MP density has been associated with improved visual processing
speed, which is measured as critical flicker fusion threshold [149, 150]. MP density was shown to be
inversely related to scotopic noise; lutein and zeaxanthin may thus improve efficiency of rod cell
functioning [151, 152]. The exclusive accumulation of lutein and zeaxanthin in the neural retina war-
rants further investigation of their role in modifying neural functions.
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