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Preface

This volume of Nutrients includes eleven independent contributions that focus on the mechanisms
and use of nutrition and supplementation in the prevention and slowing of congenital and acquired
eye disease. This topic is becoming increasingly important because of the aging population in
developed countries and because, for the most common blinding eye disease, dry age-related
macular degeneration, prevention is important as there is no cure.

This volume is divided into three sections: 1. some mechanisms underlying effects of nutrition on
eye function and disease, three papers; 2. lutein, zeaxanthin and macular pigment, four papers; 3.
ocular nutritional supplementation, four papers.

In Section 1, Demmig-Adams and Adams have reviewed carotenoid-based visual cues and roles of
carotenoids in human vision, with an emphasis on protection by lutein and zeaxanthin against vision
loss. The authors have summarised dietary sources of lutein and zeaxanthin and given attention to
synergistic interactions of lutein and zeaxanthin with other dietary factors affecting human vision
(such as antioxidant vitamins, phenolics, and poly-unsaturated fatty acids) and the emerging
mechanisms of these interactions. They have emphasised lipid oxidation products serving as
messengers with functions in gene regulation and complete their review with a comparison between
photo-physics of light collection and photo-protection in photosynthesis and vision, which are
identified as targets for future research.

Perusek and Maeda continue Section 1 with a review of the impact of supplementation with
preformed cis-retinoid derivatives. Leber’s congenital amaurosis (LCA) is a degenerative retinal
disease that is usually confirmed early in life, and results in complete blindness in the third or fourth
decade. People with this condition lack the functional enzymatic reactions to regenerate the vitamin
A derivative 11- cis retinal, which is required to maintain vision. In animal models, supplementation
with preformed cis-retinoid derivatives bypasses defective steps in the visual cycle so that these
pigments can be regenerated. However, toxic effects are seen with prolonged supplementation with
vitamin A derivatives. The review highlights novel methods for employing artificial visual
chromophore 9-cis-retinoids used in clinical trials involving people with LCA.

The third paper in Section 1 is a review by Zhong et al. in which the authors discuss vitamin A
functions and transport in the context of the natural history of vitamin A-based light sensors. They
propose that the expanding functions of vitamin A and the choice of monostable pigments are the
likely evolutionary driving forces for precise, efficient, and sustained vitamin A transport. The
authors describe how determining the mechanism by which vitamin A is transported into the right
cell type in the appropriate amount will help to devise treatment strategies for conditions resulting
from insufficient or excessive tissue retinoid levels.

In Section 2, the first paper is by Koushan et al. who reviewed the role of lutein and zeaxanthin as
blue-light blockers and quenchers of oxygen free radicals. As well as providing an overview of the
role of lutein and zeaxanthin in age-related macular disease, the authors highlight potential
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therapeutic roles in treating non-proliferative diabetic retinopathy, prevention of apoptosis in the
cells of the outer nuclear layer of the retina, the reduction of oxidative stress in human lens cells and
risk reduction for cataract.

In the second paper of Section 2, Abdel-Aal et al. in their review discuss the potential development
of high-lutein functional foods. Wheat species such as einkorn and durum wheat have a relatively
high lutein content compared with other wheat species such as spelt, soft and hard wheat.
Functional foods such as flat bread, cookies and muffins have been developed and found to have
about 1 mg lutein per serving. Corn products are also rich in lutein and zeaxanthin and have been
used to produce high-carotenoid tortilla and chips containing 73 and 61 pg/g of lutein respectively.

In the third paper of Section 2, Bovier et al. report a moderate, but significant inverse relationship
between macular pigment, measured using heterochromatic flicker photometry, and body fat,
measured using dual energy x-ray absorptiometry. The authors suggest that a stronger inverse
relationship may have been shown in an older group (mean age in this cohort was 22.5 years).
Obesity has been linked with increased risk of age-related macular degeneration (AMD). Bovier et
al. suggest that this link may be explained by a reduction in optimal nutrition status within the
retina, as well as by direct stress effects.

It is well documented that macular pigment can protect the retina via blue-light screening and its
antioxidant properties. In the fourth paper of Section 2, Loskutova et al. provide an overview of the
ways in which macular pigment can improve visual performance through the reduction of both glare
disability light scatter and chromatic aberration. As well as having optical properties, macular
pigment may have a favourable impact on neuronal processing.

In Section 3, the first paper is a review by Schleicher ef al. in which they highlight the link between
consumption of high glycaemic index foods and AMD. They discuss the complex nature of the
relationship between essential fatty acids and AMD; several large scale epidemiological studies
suggest that AMD risk is reduced with consumption of higher levels of omega-3 essential fatty acid
consumption. However, no such relationship was reported in the AREDS study. Consumption of
four portions of fish per week has also been associated with a reduced risk for AMD, although the
authors suggest that as the relationship between fish consumption and AMD risk is not as strong as
that between omega-3 essential fatty acids and AMD, as other components of the fish may attenuate
the actions of omega-3 EFA. Lutein and zeaxanthin are singled out as the most beneficial
carotenoids for retinal health, with 10 mg lutein per day conferring maximum benefit. The data for
other nutrients are conflicting.

In the second paper of Section 3, Richer et al. describe three patients with treatment-resistant AMD
(progress with AREDS and AREDS 2, refuse intra-vitreal anti-VEGF injections or fail to respond to
Lucentis®, Avastin® or Eylea®) who took an oral resveratrol based nutritional supplement called
Longevinex® (Resveratrol Partners, LLC, Las Vegas, NV, USA). This product provides 100 mg of
trans-resveratrol as well as a blend of other red wine polyphenols, 1200 g vitamin D3, and a
copper/iron/calcium binding molecule called IP6. In all three cases, supplementation resulted in a
quick anatomical and bilateral visual benefit. For example, one patient reported better vision after
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just five days of supplementation, and spectral domain OCT showed improvements similar to that
seen with anti-VEGF therapy. Future randomised placebo controlled studies are needed to confirm
these exciting reports.

The third paper of Section 3, is a brief report by Garcia-Layana et al. who found that daily
supplementation by 23 participants with 12 mg lutein, 0.6 mg zeaxanthin, and 280 mg DHA for one
year significantly increased macular pigment optical density (MPOD) compared with a placebo
group of 21 participants (p<0.05). The mean increase in MPOD for the intervention group was
0.162 as measured by heterochromatic flicker photometry.

In the fourth paper of Section 3, Richer and colleagues evaluated retinal thinning (RT) and present a
new spectral domain OCT clinical metric called ‘% extra-foveal RT’, which correlates well with
functional visual loss in people with AMD but with minimal visible retinal changes. They suggest
that this new metric can be used to monitor the effect of nutritional supplementation in this type of
patient.

We hope that this selection of papers will provide readers with useful updates on this range of
research of the relationship between what people eat and their long term eye health. We would like
to thank the authors of these papers for their contributions and appreciate their time and effort, as
well as that of the reviewers prior to initial publication in the journal Nutrients, and finally the
editorial staff at MDPI for all the background work that made this volume possible.

Frank Eperjesi and Hannah Bartlett
Guest Editors
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Nutrition on Eye Function and Disease






Eye Nutrition in Context: Mechanisms, Implementation, and
Future Directions

Barbara Demmig-Adams and Robert B. Adams

Abstract: Carotenoid-based visual cues and roles of carotenoids in human vision are reviewed,
with an emphasis on protection by zeaxanthin and lutein against vision loss, and dietary sources of
zeaxanthin and lutein are summarized. In addition, attention is given to synergistic interactions of
zeaxanthin and lutein with other dietary factors affecting human vision (such as antioxidant
vitamins, phenolics, and poly-unsaturated fatty acids) and the emerging mechanisms of these
interactions. Emphasis is given to lipid oxidation products serving as messengers with functions in
gene regulation. Lastly, the photo-physics of light collection and photoprotection in photosynthesis
and vision are compared and their common principles identified as possible targets of future research.

Reprinted from Nutrients. Cite as: Demmig-Adams, B.; Adams, R.B. Eye Nutrition in Context:
Mechanisms, Implementation, and Future Directions. Nutrients 2013, 5, 2483-2501.

1. Introduction

Carotenoids possess functions as diverse as their colors (for a review, see [1]). Carotenoid
function as visual cues is matched by roles in (1) visual detection of these cues and (2) protection
of the vision process against overly bright light. Many animals are able to detect visual signals
carrying important information content about their environment via the light-absorbing rhodopsin,
formed from the carotenoid (B-carotene) cleavage product vitamin A combined with the opsin
protein. On the other hand, the carotenoids zeaxanthin and lutein provide essential protection of the
eye in humans and many other animals. Moreover, carotenoids are involved in the regulation of
life-and-death processes at the cellular level via modulation of signaling networks that control cell
division and programmed cell death [2]. The present overview places carotenoids into the context
of (1) familiar organisms and objects colored by carotenoids, (2) their roles in human vision, with
an emphasis on protection by zeaxanthin and lutein against vision loss, (3) various dietary sources
of zeaxanthin and lutein, (4) synergistic interactions of zeaxanthin and lutein with other dietary
factors affecting human vision and the emerging mechanisms of these interactions, and (5) a
comparison of the photo-physics of light collection and photoprotection in photosynthesis and
vision and their common principles that might be rewarding targets of future research.

2. Colors and Nomenclature of Carotenoids

The flamingo’s pink plumage, the yellow of egg yolks and daffodils, the orange of peppers, and
yellow-orange autumn foliage are colors conferred by carotenoids (see [1]). It is plants and
photosynthetic microbes that synthesize most carotenoids; non-photosynthetic consumers, like
humans and other animals, rely strictly on acquiring essential carotenoids with their food and are
unable to synthesize these de novo (although some conversions are known to occur).




Carotenoids are typically named after organisms in which they occur in high concentrations
and/or from which they were first isolated and identified. For example, carotene colors the carrot
and zeaxanthin levels are high in the corn plant (scientific name: Zea mays). The names of the two
major groups of carotenoids, carotenes (carotenoids without oxygen atoms in the molecular structure)
and xanthophylls (carotenoids containing oxygen atoms) further relate to their features: -ene (as in
carotene) for the presence of many carbon-carbon double bonds (from the chemical nomenclature
of -ene for molecules with carbon-carbon double bonds) and xantho-phyll (Greek for “yellow-leaf™)
in reference to the high level of these carotenoids in yellow autumn leaves. Zeaxanthin has a
structural isomer, lutein; even though these two xanthophylls differ merely in the placement of a
single C=C double bond, they possess discernible biological functions.

3. Carotenoids in the Functioning and Protection of the Human Eye

The dietary carotenoid B-carotene is provitamin A that, after being cleaved, yields two
molecules of vitamin A as the chromophore (light-absorbing) component of rhodopsin. In addition,
vitamin A serves as a modulator of genes serving in the immune response [1]. Chronic severe
vitamin A deficiency therefore causes not only blindness, but also often death from infectious disease.

In addition to serving as precursors of constituents of the human eye, carotenoids are thought to
protect the vision process, improve visual acuity and shape discrimination, and be involved in the
prevention of cataracts and age-related blindness (age-related macular degeneration or AMD)
(for reviews, see [3,4]). Rather than carotenes, it is zeaxanthin and lutein—two carotene-derived
xanthophylls synthesized by plants and algae—that are chiefly involved in protection of the
vision process.

Dietary zeaxanthin and lutein—neither of which, as stated above, can be synthesized by
humans—apparently confer multiple beneficial effects to human health. Epidemiological studies
have identified strong inverse trends between zeaxanthin and/or lutein consumption and human
diseases, including age-related eye disease, various cancers, and other conditions [5-7]. The
underlying mechanisms for these protective effects have yet to be fully elucidated (see Section 5
below). Plants and photosynthetic microbes synthesize zeaxanthin and lutein for their own
protection against damage by intense sunlight—and the same two xanthophylls, when consumed
with the human diet, apparently also protect the human eye from damage by intense light [5].

In the human eye, zeaxanthin and lutein (as well as some meso-zeaxanthin, formed from lutein)
are the predominant carotenoids in the yellow spot (macula lutea) of the retinal macula, with higher
ratios of zeaxanthin to lutein in those areas receiving the highest light exposure [8,9]. Both
xanthophylls are accumulated in the blood stream (from the intestinal tract), and then further
accumulated in the retina (from the blood stream). Along with this overall accumulation of
xanthophylls in the eye, the ratio of zeaxanthin to lutein increases at each step (from the intestinal
tract to the blood plasma to the eye), indicating a particular importance of zeaxanthin in the retina
(for reviews, see [3,4,6]). Individuals suffering from age-related eye disease (such as AMD)
possess lesser xanthophyll densities throughout their retinas, and there is an inverse correlation
between dietary zeaxanthin and lutein intake and the risk for AMD as well as cataracts [6].



It has been suggested that the yellow zeaxanthin and lutein pigments act by providing an
absorbing shield against the most harmful blue portion of sunlight and perhaps also against UV
light [10], but evidence for additional or alternative functions is mounting [2,4,10]. Zeaxanthin and
lutein act synergistically with the antioxidant vitamin E (and likely other antixodants), as well as
with certain (omega-3) poly-unsaturated fatty acids, in photoreceptor protection (for details, see
Section 4 below).

A breakthrough in the understanding of the function of retinal zeaxanthin in protecting the eye
was made by the discovery that dietary zeaxanthin prevents programmed cell death of retinal
photoreceptor cells in an intact animal model [11,12]. Because of the latter finding, one might
wonder whether dietary zeaxanthin would increase cancer risk by inhibiting programmed cell death
of cancer cells. However, this concern is unfounded since dietary zeaxanthin has, in fact, been
associated with a lower cancer risk (see, e.g., [13]). Consumption of dietary zeaxanthin is therefore
not only correlated with improved eye health but also with a lower cancer risk. While the
mechanism of cancer prevention by carotenoids is presently unknown, it may involve an actual
stimulation of programmed cell death of various cancer cells [14-16], including cancer of the
eye [17]. The xanthophylls zeaxanthin and lutein share this remarkable ability, ie., to
simultaneously protect needed cells and apparently destroy unwanted cells, with several other
classes of dietary compounds like some phenolics and omega-3 fatty acids ([2]; see also Section 5
below). In addition to their protective effects against vision loss, zeaxanthin and lutein apparently
also serve in improving vision overall. Consistent with its preferential concentration in the central
region of the retina (in the fovea), a dietary supplement of zeaxanthin (8 mg daily) specifically
enhanced high-contrast visual acuity and shape discrimination, while a dietary supplement of lutein
(9 mg daily), consistent with its preferential distribution in the non-central regions of the retina,
enhanced low-contrast visual acuity and glare recovery [3].

While zeaxanthin and lutein levels in the human retina are correlated with dietary intake of these
xanthophylls, genetic factors also play a role [4,18]. Individuals with a darker iris color (with
greater levels of melanin pigment) possess higher retinal levels of zeaxanthin and lutein [19]. It will
be important to assess whether these differences represent a genetic difference in the ability to
enrich zeaxanthin and/or lutein from the diet among individuals and populations, or whether a
darker iris may prevent xanthophyll destruction by intense light.

4. Dietary Sources of Zeaxanthin & Lutein

There is evidence that the human consumer should avoid excessive supplementation with
carotenoids [20,21]. For example, daily supplementation with excessive amounts of f3-carotene for
several years actually increased the risk of Finnish male smokers for lung cancer. In addition,
blue-green algal (cyanobacterial) supplements (with high levels of a class of highly oxygenated
xanthophylls called ketocarotenoids) caused crystalline ketocarotenoid deposits in the human eye [22].
Currently available blue-green algal supplements thus need to be viewed with caution, due to
potential adverse effects of ketocarotenoid accumulation.



4.1. Carotenoid and Vitamin Supplements

There are additional reasons why the human consumer should avoid high-dose supplements.
A comprehensive review [21] of a large number of clinical studies examining the effect of
antioxidant and/or carotenoid supplements on chronic diseases demonstrated opposite effects
dependent on dosage. Supplements doses similar to, or up to a few times higher than, the US daily
recommended allowance (RDA) typically had positive effects (reducing disease risk), while higher
doses had no effect on disease risk, and extremely high doses, above ten times the RDA, had
negative effects (increasing disease risk) [21]. Some studies have reported benefits of lutein and
zeaxanthin supplements (10-20 mg daily; [23,24]) for AMD patients, while other studies reported
no benefits of 6 mg lutein combined with vitamins and minerals [25]. More research is needed to
further explore effects of different doses of supplementation for patients already diagnosed with
eye disease.

On the other hand, prevention of eye disease prior to onset may be well served by regular
consumption of xanthophylls and other dietary factors as part of a whole diet based on foods
containing multiple, synergistically acting ingredients. The underlying mechanisms why whole
foods rich in, e.g., antioxidants and carotenoids protect against disease, while high-dose antioxidant
supplements can have the opposite effects, are currently not fully understood. However, it appears
that reactive oxygen species and cellular signaling networks are involved. Reactive oxygen species,
which are removed by antioxidants and carotenoids, actually exert essential positive effects at low
levels (they are the signals triggering up-regulation of the body’s own internal antioxidant
defenses), while being able to cause tissue damage at unchecked high levels (see, e.g., [26-28]).
Section 5 below addresses cellular signaling networks that may be involved.

4.2. Yellow Foods

Eggs, yellow corn, and yellow peppers are probably the richest dietary sources of zeaxanthin
and lutein in the United States. These food sources receive all of their yellow-to-orange color from
their zeaxanthin and lutein content. In contrast, green leafy plant foods typically contain high levels
of lutein, but very little zeaxanthin. This difference is due to the fact that green leaves form
zeaxanthin under full sunlight and remove zeaxanthin when no longer exposed to full sunlight (for
additional details, see section on “leafy greens and other plant sources” below). In contrast to green
leaves, certain non-photosynthetic parts of plants, like the ear of corn, accumulate constant high
levels of zeaxanthin. Yellow corn is a food naturally high in zeaxanthin and lutein, and all of its
yellow color stems directly from these two pigments (see [29] for analysis of various corn
products). White corn, on the other hand, does not provide these xanthophylls. Lines of corn with
even higher levels of zeaxanthin and lutein might be identified from locally adapted varieties, or
could be produced by further breeding and/or engineering.

Chicken eggs are another food with high levels of both zeaxanthin and lutein. However,
chickens are no more capable of synthesizing their own xanthophylls than humans, and the
coloration (and zeaxanthin and lutein content) of their eggs strictly depends on the chickens’ feed.
As long as a xanthophyll-rich food source is available (from alfalfa, corn, or other sources



containing zeaxanthin and lutein), chickens deposit zeaxanthin and lutein into their eggs; and egg
color varies with carotenoid content. Furthermore, just as different strains of corn have different
levels of zeaxanthin and lutein, some chicken breeds deposit more zeaxanthin and lutein into their
eggs than others [30].

4.3. Leafy Greens and Other Plant Sources

Just as is the case for animals, plants and algae also use carotenoids for both light collection
AND photoprotection against the destructive effects of intense light. The xanthophylls zeaxanthin
and lutein stand out as primary agents of photoprotection in plants. Zeaxanthin facilitates the safe
removal of potentially damaging excessive excitation energy [5,31,32]; zeaxanthin’s close isomer
lutein plays a minor role in the same process of the dissipation of excessive excitation [33]. In
addition, zeaxanthin also provides plant photoprotection by direct inhibition of the oxidation of
lipids of the photosynthetic membrane (lipid peroxidation; [34,35]; see also Section 5 below).

How much zeaxanthin versus lutein can be obtained from leafy green plant foods varies greatly,
as stated above. While the green parts of plants after harvest typically contain high levels of lutein,
they retain mere traces of zeaxanthin. This is because plants carefully modulate the level of zeaxanthin
in response to the amount of light they absorb. Leaves only produce zeaxanthin (via de-epoxidation
of another xanthophyll, violaxanthin, that consists of a zeaxanthin molecule with two epoxide
groups added) when exposed to high light; whenever direct high light exposure ends, zeaxanthin is
quickly re-converted (re-epoxidized) to its direct xanthophyll precursor (violaxanthin). This fine
control of zeaxanthin levels is important for the plant to (1) maintain its ability to safely dissipate
potentially destructive excessive light one minute (via zeaxanthin as a dissipater of excess light)
and (2) to quickly return to efficiently using sunlight for sugar production the next, by converting
the dissipater zeaxanthin back to its direct, non-dissipating xanthophyll precursor [31,36,37].

Human consumption of zeaxanthin is highly desirable because zeaxanthin needs to be
preferentially accumulated and incorporated into the parts of the mammalian retina exposed to high
irradiance ([8]; see also above). For this reason, an arrest of the back-conversion of zeaxanthin to
its precursor in green leaves may be a desirable trait to incorporate into crops that provide green
leafy foods. Such a retention of zeaxanthin can be accomplished, e.g., by knocking out or silencing
the enzyme/gene (zeaxanthin epoxidase) responsible for zeaxanthin conversion to its xanthophyll
precursor and/or by overexpressing enzymes in earlier portions of the carotenoid biosynthetic
pathway. Over-expression of the enzyme catalyzing synthesis of zeaxanthin from B-carotene in the
plant model species Arabidopsis led to elevated zeaxanthin accumulation [38].

Additional mutants unable to convert zeaxanthin to its xanthophyll precursor, and thus
accumulating high levels of zeaxanthin, have been produced in model plants and algae [39] and
these traits can be transferred to crop plants. However, since constantly elevated zeaxanthin levels
may diminish the green leaf’s ability to efficiently collect sunlight during the parts of the day when
light levels are low and limiting to photosynthesis, e.g., early morning and late afternoon, the effect
of continuous zeaxanthin retention in leaves on the productivity of crop plants needs to be further
examined. Due to the need of leaves to photosynthesize efficiently for maximal biomass
production, overexpression of zeaxanthin in fruit, rather than leaves, is attractive. Tomato fruit with



increased zeaxanthin content has recently been engineered via two manipulations (overexpression
of lycopene-cyclase and of B-carotene hydroxylase; [40]). Zeaxanthin-rich potato has also been
produced [41] as well as zeaxanthin-accumulating E. coli [42]. While foods engineered to contain
high zeaxanthin levels should aid in augmenting dietary zeaxanthin supply for human populations
at risk for zeaxanthin deficiency, attention should be given to avoiding excessive consumption of
such fortified foods.

5. Xanthophylls in the Context of Other Dietary Modulators

Reviews of lifestyle- and diet-associated risk factors for age-related macular degeneration
indicate that, in addition to zeaxanthin and lutein, omega-3 fatty acids, antioxidant vitamins C and
E, antioxidant minerals, and other dictary factors lower the risk for AMD [43]. These factors act
synergistically (via the emerging mechanisms reviewed below) in modulating key signaling networks.

5.1. Foods Contain Multiple Gene Regulators Acting in Synergy

The essential role of food components—such as vitamins—in human physiology has long been
recognized. However, it is only now being realized that a multitude of additional dietary factors
have profound effects on human health and the risk for disease, and may thus deserve vitamin
status as well (see [5]). Many of these dietary factors possess the remarkable ability to alter
expression of regulatory genes that modulate human metabolism. Most of these dietary factors are
synthesized by plants or algae and are referred to as phytochemicals (from phyfo = plant),
phytonutrients, or nutraceuticals. These dietary factors modulate expression of central human genes
(master control genes) that regulate processes of fundamental importance, such as cell proliferation,
programmed cell death, and the immune response (see, e.g., [5,44,45]). These key processes, and
any imbalances in their regulation, play a major role in all major human diseases including cancer,
autoimmune diseases, and pro-inflammatory diseases (such as age-related blindness, heart disease,
diabetes, and others; [46]). Macular degeneration involves excessive programmed cell death as well
as inflammation. While the original literature on programmed cell death distinguishes between
“programmed cell death” and “apoptosis” as a particular form of cell death, both of these processes
are referred to as programmed cell death in the present review for simplicity’s sake.

Dietary factors may be able to sftop programmed cell death of vital cells and promote
programmed cell death of unwanted cells. Such a potential to both trigger programmed cell death
of unwanted cells while aiding in the survival of needed cells is not only demonstrated by zeaxanthin
and lutein, but also by poly-unsaturated omega-3 fatty acids (in fish that consume omega-3
fat-producing cold-water algae; [47]), and plant compounds (phenolics) with multiple functional
(phenol) groups conferring exceptionally strong antioxidant qualities to the molecule [44,48]. This
potential makes these food-derived compounds highly desirable nutraceuticals.

Studies with human cancer cell lines indicate that lutein is able to induce programmed cell death
of human breast cancer cells [14,15] and leukemia cells [16]. Similarly, zeaxanthin is able to
promote programmed cell death of eye cancer (neuroblastoma) cells [17]. Lutein furthermore



induced programmed cell death in mouse tumor cells, but decreased programmed cell death in
cancer-fighting immune cells of tumor-bearing mice [14].

5.2. Gene Regulators Produced by Lipid Peroxidation

In both plants and animals, membrane lipids are actively oxidized by enzymes (e.g., lipoxygenases)
that function as part of cellular signaling networks and actively respond to oxidative challenges.
Lipoxygenases produce messengers that regulate programmed cell death, the immune response,
and other vital processes. Lipoxygenases in both plants and animals produce multiple lipid-derived
messengers (in plants collectively termed “oxylipins”, such as jasmonic acid, and in animals
collectedly termed “eicosanoids”, such as prostaglandins, leukotrienes, and thromboxanes). Each
messenger family typically includes members with opposite regulatory functions, i.e., that either
promote or inhibit programmed cell death ([49,50]; see Figure 1). For example, inhibition of
lipoxygenases prevented programmed cell death of neurons and was discussed as a new target for
the treatment of Alzheimer’s disease [51], whereas inhibition of lipoxygenases in leukemia cells
actively induced programmed cell death [52]. As further detailed in the legend of Figure 1,
lipoxygenases are activated by oxidants (e.g., reactive oxygen species, ROS) and are inhibited by
various antioxidants. Reactive oxygen species thus activate both enzymatic and non-specific,
non-enzymatic lipid peroxidation, and multiple products of both enzymatic and non-enzymatic
lipid peroxidation serve as gene regulators. Likewise, antioxidants inhibit both enzymatic and
non-enzymatic lipid peroxidation.

While it had been known for some time that the lipid-soluble vitamin E is able to suppress
(both non-enzymatic and enzymatic) lipid peroxidation, it is now emerging that zeaxanthin
and other dietary factors interact synergistically with vitamin E (see below). Suppression of
lipid-peroxidation-derived modulators of programmed cell death (and/or other vital cellular
processes) is an attractive mechanism for these dietary modulators’ ability to protect vital cells,
while eliminating unwanted cells. This fine-tuned modulation of vital metabolic functions
emphasizes the critical importance of a balanced dose of these dietary regulators.

Experimentation with isolated biological membranes showed that lipid-soluble antioxidants (like
zeaxanthin and vitamin E) synergistically protect against oxidation of unsaturated fatty acids (that
are highly susceptible to oxidation; see Figure 1). While massive oxidation of membrane lipids
eventually leads to membrane damage, a more physiologically relevant effect is the rapid formation
of small amounts of oxidized lipid derivatives serving as messengers that modulate the expression
of genes involved in programmed cell death and other vital functions (Figure 1).

Zeaxanthin inhibits the oxidation of membrane lipids (lipid peroxidation; Figure 1) in plants [34,35]
as well as in humans (e.g., in epithelial cells of the eye’s lens; [55]). Zeaxanthin also protects lipids
against peroxidation in vitro, and zeaxanthin’s ability to provide this protection is enhanced by
addition of vitamin E, with zeaxanthin having the more potent, primary effect [56,57]. While
zeaxanthin and vitamin E act synergistically to suppress lipid peroxidation in biological
membranes, vitamin C aids in the recycling of vitamin E at the membrane/cytosol interface, and
various phenolics (with strong antioxidant effects) can do the same. Furthermore, antioxidant
minerals, such as zinc, copper, and selenium, are essential cofactors of the body’s internal
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antioxidant enzymes that also serve in the cellular antioxidant network (Figure 1). Others have
drawn similar conclusions and recommended supplements consisting of cocktails of the factors
above (specifically, vitamins A, B, C, E, B-carotene, zeaxanthin, lutein, selenium, zinc, and the
herb Gingko biloba; [58]).

Figure 1. Schematic depiction of (1) the oxidation (by reactive oxygen species,
ROS) of membrane lipids to lipid peroxides (L-OO°) that are further converted to
messengers, e.g., stimulating photoreceptor cell death as well as (2) the effect of
lifestyle/environmental/dietary factors on ROS and/or lipid peroxide levels. Moderate
exercise generates moderate amounts of ROS serving to trigger full formation of
endogenous antioxidant defenses (in the form of antioxidant enzymes requiring dietary
minerals as their cofactors). Smoking, exposure to pollutants, and excessive alcohol
consumption all strongly increase ROS levels. Dietary zeaxanthin (Zea), lutein (Lut),
vitamins E (Vit. E) and C (Vit. C), and phenolics, as well as endogenous antioxidant
enzymes, serve in synergy to lower the levels of ROS (via ROS detoxification) as well
as recycle lipid peroxides (via re-reduction). Stimulation by ROS, and inhibition by
various antioxidants, applies equally to non-enzymatic and enzymatic (via lipoxygenase,
LOX) lipid peroxidation. Lipoxygenases contain a catalytic iron center that is active in
lipid peroxidation only after oxidation (by ROS) to (active) LOX-Fe** [53], and can be
inactivated by antioxidants to (inactive) LOX-Fe?" [54]. Products of both enzymatic
and non-enzymatic lipid peroxidation serve as gene regulators.
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Dietary antioxidants must work in conjunction with the body’s own internal antioxidant
enzymes (Figure 1). Antioxidant enzymes require mineral cofactors from the diet, and interact with
dietary xanthophylls, vitamins, and phenolics to suppress unchecked accumulation of reactive
oxygen species. However, it is small amounts of reactive oxygen species (produced, e.g., via
moderate physical exercise) that serve as the vitally important trigger for synthesis of the body’s
own antioxidant enzymes (Figure 1; [27]). It was recently been proposed that, “reactive oxygen
species (ROS) and chronic oxidative changes in membrane lipids and proteins found in many
chronic diseases are not the result of accidental damage. Instead, these changes are the result of a
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highly evolved, stereotyped, and protein-catalyzed ‘oxidative shielding’ response that all eukaryotes
adopt when placed in a chemically or microbially hostile environment” [28]. The requirement of
small amounts of ROS for induction of endogenous antioxidant defenses is the likely reason for the
adverse effects of high-dose antioxidant supplements that presumably abolish the beneficial effects
of ROS [21].

5.3. Poly-Unsaturated Fatty Acids

Exposure to reactive oxygen (readily formed in highly oxygenated tissues, such as the human
eye) leads to preferential peroxidation of poly-unsaturated fatty acids. Poly-unsaturated fatty acids
are linked to eye disease (as well as multiple other chronic diseases) in both positive and negative
ways. Dietary poly-unsaturated fatty acids fall into two major groups, i.e., omega-6 (mainly linoleic
acid and arachidonic acid) and omega-3 fatty acids, mainly alpha-linolenic acid, eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). A balanced ratio of dietary omega-6 to omega-3 fats
(below 10:1 and perhaps as low as 2:1) is needed to support human health (including the health of
the human eye), while the modern western diet provides a highly unbalanced ratio of about
10-20:1 [59]. Such a high, unbalanced ratio of omega-6 to omega-3 fatty acids is thought to
promote programmed cell death and inflammation in some tissues, thereby increasing the risk of
(1) chronic pro-inflammatory disease, like eye disease [43], diabetes, and heart disease [60,61], and
a host of neuropsychiatric and neurodevelopmental disorders ([62,63]; see also [64]), as well as
promoting (2) excessive cell proliferation (cancer) of other tissues [65,66].

How do poly-unsaturated fatty acids interact with vital cellular signaling networks? Both groups
of fatty acids are essential (they cannot be synthesized in the human body), and form the precursors
of lipid peroxidation-based regulators of gene expression discussed above. Both omega-6 and
omega-3 poly-unsaturated fatty acids become incorporated into membrane lipids, where they
represent the lipids most highly susceptible to either non-enzymatic or enzymatic oxidation (the
unsaturated bonds of fatty acids are easily oxidized).

Oxidatively modified derivatives of omega-6 and omega-3 fatty acids typically serve as
antagonists of each other in the regulation of gene expression, such that a balanced, relatively low
ratio of omega-6 to omega-3 is required to prevent programmed cell death, e.g., in the eye. The
omega-3 fatty acid DHA is concentrated in photoreceptor cells, and a major recent review
concluded that, “DHA is necessary for vision, photoprotection, and corneal nerve regeneration” [67].
Furthermore, omega-3 supplementation has been demonstrated to prevent programmed cell death
of tear gland cells [68]. Preferential Iutein and zeaxanthin accumulation in membrane domains rich
in poly-unsaturated fatty acids has been suggested to prevent lipid peroxidation [69]. Figure 1 focuses
on stimulation by ROS, and inhibition by antioxidants, of the production of photoreceptor-death-
stimulating messengers presumably derived from omega-6 fatty acids. Future research is needed to
fully elucidate the effects of messengers derived from omega-3 fatty acids, and what relative and
absolute concentrations of omega-6 and omega-3-derived messengers are needed to protect
photoreceptors and other cells.

Current dietary recommendations are to keep the sum of all poly-unsaturated fats consumed in
the human diet between 15% and 20%—30% of total fat consumption, with most of the remainder
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coming from mono-unsaturated fats like oleic acid found in many plant foods. While most
currently used sunflower, corn, soybean, or cottonseed oils are excessively high in omega-6 fatty
acids, utilization of high-oleic varieties of these oil-seed crops that either naturally contain, and/or
have been genetically engineered to contain, much reduced levels of omega-6 linoleic acid should
have many health benefits [70-74].

5.4. Dietary and Lifestyle Factors Increasing Disease Risk

High levels of saturated fats and/or trans fats and a high glycemic load (high and frequent
consumption of carbohydrates that rapidly break down into simple sugars) as well as smoking,
excess alcohol consumption, and physical inactivity promote the production of pro-inflammatory
messengers and/or unchecked high levels of reactive oxygen species, and increase the risk for
chronic, pro-inflammatory disease (see, e.g., [75]). Again, regular exercise (and consumption of the
required mineral cofactors) is required to fully induce the body’s own internal complement of
antioxidant enzymes, and high doses of antioxidant supplements have the potential to remove the
necessary small ROS levels and thereby interfere with this induction of defenses [21,27,28].

In conclusion, a prudent course of action for improving vision and lowering the risk of eye
disease (as well as a host of other diseases) at this time is to consume a whole-food-based diet rich
in zeaxanthin, lutein, various phenolics, antioxidant vitamins and minerals, with a balanced ratio of
omega-3 to omega-6 fatty acids, and to avoid high-caloric, high-glycemic, saturated-, trans-, and
omega-6-fat-rich foods as well as smoking, excess alcohol, and physical inactivity. A “healthy
lifestyle with a diet containing food rich in antioxidants, especially lutein and zeaxanthin, and
(omega-3) fatty acids” has been recommended to prevent or slow progression of AMD and
cataracts [73]. A multi-vitamin-multi-mineral supplement (each around the RDA level) with a
combination of vitamins C and E, B-carotene, and zinc with copper has been recommended for
AMD but not cataracts [76]. Optimal doses of supplements have yet to be determined, but high-
dose xanthophyll and/or antioxidant vitamin supplements are unlikely to be beneficial (cf. also [77]).

6. Relating the Mechanisms of Photoprotection to the Photochemistry of Photosynthesis and
Human Vision

Continuing comparison of parallels between light absorption, light processing, and protection
against excessive excitation in photosynthesis and human vision may be rewarding (Figure 2).
Research on the photoprotection of photosynthesis has focused, e.g., on interaction of the
light-absorbing chlorophylls with xanthophylls in the light-collecting system, with a lesser focus on
lipid peroxidation-based messengers and signaling networks (Figure 2). On the other hand, research
on human vision has identified synergies among factors involved in signaling networks, while the
photo-physics of excited states of rhodopsin derivatives and their possible interaction with
xanthophylls have not been fully elucidated (Figure 2). Possible practical applications based on
insight into the photo-physics of visions will be addressed below.



13

Figure 2. Comparison of photosynthesis and vision with respect to the principal steps
in the series of reactions from light absorption, by various chromophores, to transfer of
excitation energy to singlet oxygen (!02*) resulting in lipid peroxidation and formation
of lipid-derived gene regulators. Light absorption occurs in chlorophyll
(Chl)-antenna-protein complexes in photosynthesis, and in retinal-opsin-complexes in
vision. Triplet excited chlorophyll (*Chl*) is known to act as the photosensitizer in
photosynthesis, passing excitation energy to oxygen, thus forming singlet oxygen. The
nature of the photosensitizer in vision (X) is currently under debate. In contrast to
protein-bound Chl, opsin-bound retinal does not produce singlet oxygen. However,
there is current debate that, once released from opsin, all-frans retinal absorbs another
photon and may give rise to singlet oxygen formation (see, e.g., [78]). The boxes
around the different phases of the reaction series serve to indicate where research focus
has previously been placed.
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The parallels between photosynthesis and human vision are remarkable—as would be expected
from an evolutionary viewpoint considering not only the homology of these systems, but also
common dictates from natural selection and adaptive advantage. Both systems must be able to
collect photons of light (as carriers of information in vision, or carriers of energy in photosynthesis)
via light-absorbing pigments or chromophores (retinal or chlorophyll), which is achieved by the
chromophore’s binding to a protein (opsin or chlorophyll-binding proteins, respectively). Figure 2
summarizes some of the parallels between human vision and photosynthesis.

Chromophore-binding proteins, such as the chlorophyll-binding proteins of photosynthesis,
typically help increase the lifetime of a chromophore’s excited state (produced by absorption of a
photon of light) long enough to allow highly efficient transfer of excitation energy (e.g., into an
electron transport chain in the case of photosynthesis). Increasing the chromophore’s lifetime,
however, comes at a cost under high light levels; if the chromophore’s excited state builds up just
for fractions of a second, a conversion (via intersystem crossing) occurs to a slightly lower (triplet)
excited state of the chromophore able to pass on excitation energy to oxygen, thereby forming
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potentially highly destructive reactive oxygen species. Chromophores thus typically act as facilitators
of photo-damage, or photosensitizers, although in the vision process, it is not opsin-bound retinal,
but forms of retinal (all-trans-retinal or its derivatives) released from opsin that absorb another
photon and may act as the singlet-oxygen-producing photosensitizer ([78—87]).

The accumulation of light-absorbing pigment protein complexes typically responds to long-term
light availability. Plants accumulate more chlorophyll when grown in low light, and thereby
become more susceptible to over-excitation and inactivation of photochemistry under high light
exposure, than plants grown in high light [32]. Similarly, animals raised in low light environments
accumulated more rhodopsin, and were more susceptible to high-light-induced vision loss (for an
overview, see [78]). Based on these findings and the current understanding of the mechanisms of
photo-damage, it is possible that long-term light environment may affect the risk for human eye
disease. Future research should assess whether predominant exposure to very low light
environments in typical home and office settings may increase the risk for eye disease compared to
regular exposure to modest levels of natural sunlight outdoors, e.g., in mornings and afternoons or

on overcast days (with typical light intensities around only 10 pumol photons m™:

st for
indoors fluorescent lighting versus around 300 and up to 2000 umol photons m2-s~' for natural
sunlight outdoors during overcast skies and full midday sunlight on clear days, respectively;
B. Demmig-Adams, [79]).

It has been discussed that the human eye, just like photosynthesis, must maintain “a delicate
balance between maximizing the absorption of photon for vision and retinal image quality while
simultaneously minimizing the risk of photo-damage when exposed to bright light” [80]. Rhodopsin
presence has been proposed to be required for photo-damage in the retina ([81]; see also [82,83]),
and, as pointed out above, there has been recent discussion that all-frans-retinal, once released from
rhodopsin during the vision cycle, or specific derivatives of all-frans-retinal, may accumulate in the
retina and act as photosensitizer(s) (“X” in Figure 2; [78,81-88]). Lutein and zeaxanthin have been
suggested to confer photoprotection against such an action [84]. It is currently unknown whether or
not, or how, xanthophylls may facilitate de-excitation of any excited states of chromophores
in human vision. In contrast, detailed information has been accumulated on chromophore
de-excitation, and an involvement of xanthophylls, in photosynthesis (see below).

A chromophore’s first excited state is typically a singlet-excited state (e.g., 'Chl*; Figure 2)
electronically unable to pass excitation energy to oxygen in its ground (triplet) state. However, the
chromophore’s state reached after conversion via intersystem crossing is a triplet state (e.g., *Chl*;
Figure 2) that reacts readily with oxygen, resulting in the formation of highly reactive singlet-excited
oxygen. Under high light exposure, a light-absorbing system like chlorophyll-binding proteins is
thus extremely vulnerable to destruction by singlet oxygen. Multiple mechanisms have evolved to
provide protection by safe de-excitation of “unwanted”, excessive excited states at every step of the
above cascade, i.e., (1) de-excitation of the chlorophyll’s singlet-excited state, (2) de-excitation of
its triplet state, (3) de-excitation of singlet-excited oxygen, and, finally, (4) mechanisms that
re-reduce oxidized lipids.

In photosynthesis, zeaxanthin (and to a lesser extent lutein) facilitate de-excitation of excessive
singlet-excited chlorophyll [31,37]; efficient de-excitation of triplet-excited chlorophyll in
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light-harvesting complexes can also be catalyzed by lutein and zeaxanthin [89,90]. Singlet-excited
oxygen ('02*) can be de-excited by vitamin E and various carotenoids (see [91]). Remarkably,
a mixture of zeaxanthin, lutein, and a lutein derivative in the concentrations found in the human
retina was shown to be more effective at singlet oxygen de-excitation than each xanthophyll alone [92].
Finally, zeaxanthin can apparently directly inhibit lipid peroxidation (L-OO") in plants [34,35] and
may serve in a similar function in the human eye through the synergistic interaction with vitamin E
described above.

The underlying photo-physical mechanism of de-excitation of singlet-excited chlorophyll
facilitated by zeaxanthin has received much attention, and evidence has been provided (for reviews,
see [32,93,94]) for several different mechanisms that may yet turn out to all contribute, i.e., (1)
direct transfer of excitation energy from singlet-excited chlorophyll to zeaxanthin (and perhaps
lutein), followed by conversion of the excitation energy to harmless heat [95]; (2) reversible charge
transfer between singlet-excited chlorophyll and zeaxanthin (transfer of an electron from
chlorophyll to zeaxanthin and back) resulting in loss of the excitation energy as harmless heat [96];
(3) a zeaxanthin-induced change in the chlorophyll-binding light-harvesting proteins from a conformation
that lengthens the lifetime of 'Chl* to a conformation allowing efficient return of 'Chl* directly to
ground-state chlorophyll while releasing excitation energy as harmless heat [93,94]. Zeaxanthin’s
close structural isomer, lutein, differs in the energy levels of its excited states as well as in its exact
structure (and perhaps its interaction with membranes and proteins).

The evolutionary conservation of xanthophyll association with light-absorbing systems in widely
different organisms is as remarkable as the multitude of mechanisms of xanthophyll-facilitated
photoprotection. More research is needed to elucidate whether different organisms employ different
ones of these multiple mechanisms—or whether the whole suite of mechanisms may be conserved
across species and light-processing systems.
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Vitamin A Derivatives as Treatment Options for Retinal
Degenerative Diseases

Lindsay Perusek and Tadao Maeda

Abstract: The visual cycle is a sequential enzymatic reaction for vitamin A, all-frans-retinol,
occurring in the outer layer of the human retina and is essential for the maintenance of vision. The
central source of retinol is derived from dietary intake of both retinol and pro-vitamin A
carotenoids. A series of enzymatic reactions, located in both the photoreceptor outer segment and the
retinal pigment epithelium, transform retinol into the visual chromophore 11-cis-retinal,
regenerating visual pigments. Retina specific proteins carry out the majority of the visual cycle, and
any significant interruption in this sequence of reactions is capable of causing varying degrees of
blindness. Among these important proteins are Lecithin:retinol acyltransferase (LRAT) and retinal
pigment epithelium-specific 65-kDa protein (RPE65) known to be responsible for esterification of
retinol to all-frans-retinyl esters and isomerization of these esters to 11-cis-retinal, respectively.
Deleterious mutations in these genes are identified in human retinal diseases that cause blindness,
such as Leber congenital amaurosis (LCA) and retinitis pigmentosa (RP). Herein, we discuss the
pathology of 11-cis-retinal deficiency caused by these mutations in both animal disease models and
human patients. We also review novel therapeutic strategies employing artificial visual
chromophore 9-cis-retinoids which have been employed in clinical trials involving LCA patients.

Reprinted from Nutrients. Cite as: Perusek, L.; Maeda, T. Vitamin A Derivatives as Treatment
Options for Retinal Degenerative Diseases. Nutrients 2013, 5, 2646-2666.

1. Introduction

Vitamin A is an essential vitamin for vertebrates and therefore must be obtained from dietary
sources. Intake of adequate vitamin A is required in adults to maintain immune system integrity,
vision, and the regulation of gene transcription, while in embryo development it is required for
organogenesis, tissue differentiation and hematopoiesis [1-3]. Total vitamin A intake consists of
many dietary forms including retinyl esters, B-carotene and free retinol. The various ingested forms
of vitamin A are then processed, stored in the liver and can be released into the systemic circulation
upon demand.

The various functions of vitamin A are carried out by several metabolically active derivatives
including 11-cis-retinal and all-frans-retinoic acid, which are required for vision and transcriptional
gene regulation respectively [4,5]. Enzymatic activity and gene regulation within many tissues is
dependent upon a consistent supply of vitamin A, therefore tissues such as the eye, possess cyclic
series of reactions to regenerate biologically active vitamin A such as a visual chromophore
11-cis-retinal. The efficient renewal of vitamin A is termed the visual cycle, and is indispensable
for normal vision in humans. Genetic mutations which result in faulty enzymes required for the eye
specific processing of vitamin A may cause early onset retinal degeneration due to the lack of
11-cis-retinal chromophore and ultimately can lead to complete loss of vision. Retinoid therapies
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utilize specific isomers of vitamin A and have proven to be effective at alleviating progressive
tissue damage in animal models of retinal degeneration. Retinoid treatment maintains functional
responses as well as tissue integrity both of which are observed to decline significantly with age in
animal models of retinal diseases. Similar phenotypic pathology and age related degeneration
trends are seen in human patients suffering from blinding diseases such as Leber congenital
amaurosis (LCA) and retinitis pigmentosa (RP). Retinoid therapies therefore have the potential
to improve the quality of life in patients suffering from genetic retinal diseases by delaying
progressive vision loss.

2. Absorption and Distribution of Dietary Vitamin A as Retinyl Esters and
Provitamin A Carotenoids

De novo synthesis of vitamin A is limited to plants and some microorganisms, therefore all
vertebrates, including humans, must obtain vitamin A from dietary sources either as preformed
vitamin A or provitamin A carotenoids [6]. The majority of vitamin A in the mammalian diet is not
present in the free retinol form, but instead as both retinyl esters in animal tissues, and carotenoids
contained in plant material. Preformed vitamin A, in the form of retinol or retinyl esters, is found
almost exclusively in animal goods such as dairy products and organ meats such as liver [7,8].
Conversely provitamin A carotenoids, such as -carotene, can be found in green leafy vegetables,
such as spinach, as well as a variety of fruits such as apricots and papaya [9]. The intestinal mucosa
is the active site for the uptake of free retinol, cleavage of carotenoids, and the hydrolysis of retinyl
esters in vertebrates [10].

2.1. Intestinal Uptake and Metabolism of Pro-Vitamin A Carotenoids

Carotenoids are naturally occurring isoprenoid compounds (C40) produced by plants and some
microorganisms. Carotenoids contain conjugated double bonds in the form of a polyene
hydrocarbon chain, which is responsible for a variety of red and orange pigments that absorb light
in the range of 300-600 nm [11]. Carotenoids in nature commonly contain a terminal benzene ring,
which is either oxygenated or unoxygenated to yield molecules termed xanthophylls and carotenes
respectively. Carotenoids serve many functions in mammalian biology including inherent
antioxidant capabilities, incorporation into the macular region of the central human retina, and
conversion into retinoid signaling molecules involved in development and gene regulation [12—14].

When ingested by mammalians carotenes are considered pro-vitamin A compounds since
vertebrates have the ability to enzymatically transform various dietary carotenes into vitamin A.
The first step in vitamin A metabolism begins with the symmetric cleavage of a carotene, such as
B-carotene, by an enzyme at the intestinal brush boarder termed B,B-carotene 15,15-monooxygenase
(BCMOV1) (Figure 1). BCMOI1 cleaves carotenes at C15'/C15" of the carbon backbone yielding
two retinaldhyde molecules. BCMOI converts a limited number of carotenoids to retinoid products
in vivo, while a related protein BCDO2 (f,B-carotene 9,10-dioxygenase) cleaves carotenoids
asymmetrically at the C9’/C10’ bond, and displays a broader substrate specificity [15]. Studies in
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BCMOI knockout mice demonstrate that BCDO2 cannot compensate for the loss in carotene
cleavage and vitamin A production, demonstrating the non-overlapping role of the two oxygenases [16].

Cell culture studies have suggested that the uptake of B-carotene, a common carotenoid in the
human diet, is a saturable and regulated process controlled by the intestine-specific homeobox
transcription factor (ISX) [17,18]. In a previous study, large doses of f-carotene were administered
to healthy volunteers and less than half of the provitamin was reported to be converted to retinol,
suggesting that the enzymatic cleavage of B-carotene to retinol is regulated in a dose dependent
manner [19].

2.2. Intestinal Uptake of Retinyl Esters and Reesterification of Retinol by LRAT

Dietary retinoids are efficiently absorbed in the small intestine, but must be converted to the
alcohol form of vitamin A before cellular transport. Dietary retinyl esters are hydrolyzed to retinol
in the intestinal lumen or at the brush broader of enterocytes by pancreatic lipase or phospholipase
B respectively [15,20]. Enterocyte specific uptake of free retinol or recently hydrolyzed retinyl
ester is facilitated by cellular retinol binding protein II (CRBP-II) which binds the hydrophobic
molecule with high affinity and transports it within the cytosol [21]. Three distinct retinol binding
proteins exist in mammalians, CRBP-I is expressed ubiquitously in tissues while CRBP-II is
both primarily and highly expressed in the jejuna mucosa suggesting its unique role in retinol
absorption in the intestine, while CRBP-III primarily is found in heart, muscle, adipose and
mammary tissue [22-24].

Following enterocyte uptake, free retinol is reesterified with long chain fatty acids, such as
palmitate, and is secreted into the lymphatic system in the form of chylomicrons (Figure 1).
Reesterification is accomplished by an acyltransferase enzyme, lecithin: retinol acyltransferase
(LRAT), before incorporation into nascent chylomicrons [25]. Nascent chylomicrons include newly
formed retinyl esters as well as other dietary lipids such as cholesterol, and enter the general
circulation through the thoracic duct where they are further metabolized into smaller particles
termed chylomicron remnants and distributed to the liver and other tissues [26]. The majority of
absorbed free retinyl esters are also packaged into chylomicrons and secreted in the lymphatic
system [27]. The remaining unabsorbed retinyl esters are systemically circulated and taken up by
target tissues such as adipose, heart, muscle and lung tissue [28].

2.3. Systemic Circulation and Cellular Uptake by STRA6

Following hepatic uptake of retinyl esters hydrolysis of the ester linkage forms a retinol
molecule, which binds immediately to the intercellular retinol-binding protein CRBP-I. A portion
of retinol remains bound to intracellular CRBP-I, but the majority quickly becomes reesterified by
LRAT, and stored within liver stellate cells [29]. Retinol stored as retinyl esters accumulate in the
highest amounts in the liver but are also stored in tissues such as adipose, lung, and retinal pigment
epithelium [30-33]. Secretion of retinol from these organs, with the exception of the RPE, into the
systemic blood stream maintains normal blood retinol levels, even under times of diet
insufficiency. Circulating plasma retinol is transported via a retinol-binding protein (RBP) and
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transthyretin (TTR) complex, and is required for transport since the retinol molecule alone is highly
lipophilic (Figure 1). Genetic knockouts of Rbp in mice show that without the RBP transport
protein these animals are exceedingly sensitive to vitamin A deficiency because of the inability to
mobilize hepatic stores, and continue to have low serum retinol concentrations even after
supplementing the diet [34]. In humans a deficiency of RBP results in a progressive atrophy of the
retinal pigment epithelium and difficulty in dark adaptation, but patients are otherwise unaffected
in other organs, perhaps due to the delivery of retinyl esters to tissues by chylomicron remnants [35].
TTR on the other hand may play a minor role in the transport of retinol since studies with TTR
deficient mice show that mutants are healthy and fertile, despite extremely low retinol and
circulating RBP levels [36]. However, the binding of TTR is believed to reduce the glomeruli
filtration rate of RBP by increasing the molecular weight of the complex and therefore decreasing

vitamin A urinary excretion [37].

Figure 1. The metabolism of carotenoids and retinoids begin in the intestinal lumen,
where provitamin A and retinoid molecules are absorbed. Retinyl esters are transported
to the liver via the lymphatic system, while retinol is transported through the
bloodstream before delivery to target tissues, such as the retina.
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Binding of the RBP-TTR-retinol complex to the plasma membrane receptor stimulated by
retinoic acid gene 6 (STRAG) of a target cell releases the vitamin from its carrier and facilitates
cellular uptake (Figure 1). STRAG is highly expressed in cells or tissues, which depend on vitamin
A for proper function. In the eye, retinal pigment epithelium cells highly express STRAG6 near the
basolateral membrane, allowing for efficient transport of vitamin A from the choroidal blood
circulation, therefore allowing retinol to enter the visual cycle. Suppressing STRA6 expression in
RPE cells has been observed to cause a decrease in the uptake of vitamin A in the eye, whereas up
regulation of STRAG6 by retinoic acid stimulation enhances vitamin A uptake [38]. Clinically,
mutations in STRA6 cause various pathological phenotypes in humans including anophthalmia,
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mental retardation, congenital heart defects and embryonic lethality [39,40]. In the mouse retina
specifically mutations in the Stra6 gene lead to the development of short rod and cone

photoreceptors, reduced scotopic and photopic ERG responses as well as optically dense vitreous
humor [41].

3. Incorporation of Retinol into the Retina and Visual Cycle

The vertebrate retina contains both rod and cone photoreceptors, which are specialized for low
intensity and high intensity light respectively. Rod photoreceptors are efficient single-photon
detectors allowing for visual perception in low illumination. However, cone photoreceptors are far
less sensitive but because of the varying sensitivities of opsin molecules these cells can distinguish
various wavelengths of light allowing for the perception of color (reviewed in [42]).

Visual perception relies on the cyclic processing of 11-cis-retinal and its binding to a special class
of light sensing GPCRs within photoreceptors cells, termed opsins to form visual pigments as
rhodopsin or cone opsins. The light sensitive component of the human retina is comprised mainly of
rod and cone photoreceptors cells, both, which utilize the 11-cis-retinal chromophore for visual
transduction. The steady supply of 11-cis-retinal is maintained by cooperative enzymatic processing
occurring between outer segments of both types of photoreceptor cells and the RPE layer, or between
cone outer segments and Miiller cells. Collectively these processes are referred to as the visual cycle.
In many human retinal diseases these cyclic processes are disturbed resulting in an inability to either
produce an adequate supply of 1l-cis-retinal or a failure to remove the build-up of various
retinoid products.

3.1. RPE and the Photoreceptor Visual Cycle

The RPE contains a cascade of proteins required for the enzymatic isomerization of all-trans-
retinol into the light sensitive chromophore 11-cis-retinal (Figure 2). All-trans-retinol is transported
to RPE through the choridal blood circulation or photoreceptor outer segments. All-trans-retinol is
subsequently absorbed on the basolateral side of the cell by the receptor STRA6 from the choridal
blood circulation, which is facilitated by membrane bound LRAT. All-frans-retinol is transported
though the interface of photoreceptor outer segments and microvilli of RPE via interphotoreceptor
matrix and interphotoreceptor retinoid-binding protein (IRBP) (Figures 1 and 2). In both transport
pathways, LRAT is necessary for the efficient uptake and usage of retinol in the RPE since it
supplies esterified retinoid substrates for the formation of 1l-cis-retinol via retinal pigment
epithelium-specific 65 kDa protein (RPE65). In addition, retinyl esters not catalyzed by RPE65
accumulate to form retinyl esters used for retinoid storage in RPE specific organelles termed
retinosomes [31,38,43,44]. Genetic knockout of the Lrat gene in mice has been observed to hinder
vitamin A uptake in the gut, abolish the production of retinyl esters in most tissues (excluding
adipose tissue which utilizes a different pathway for retinyl ester formation), and severely impair
visual function [45,46]. In the retina a complete lack of retinyl ester formation results in the absence
of 11-cis-retinal and therefore impairs the regeneration of rhodopsin, consequently this deficiency leads
to progressive retinal degeneration manifested by the shortening of rod outer segments.
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Figure 2. Visual cycle. Absorption of light by visual pigments (rhodopsin or cone
opsin) causes isomerization of 1l-cis-retinal to all-zrams-retinal, resulting in
phototransduction. Decay of activated rhodopsin yields opsin and all-frans-retinal,
which is released and pumped out into the cytosol by a photoreceptor specific ATP-binding
transporter (ABCA4) and reduced to all-trans-retinol by all-trans-retinal dehydrogenases
(RDHS8 and RDH12). All-trans-retinol diffuses into the RPE where it is esterified by
lecithin:retinol acyltransferase (LRAT) to all-zrans-retinyl esters, which are stored in
retinosomes. All-#rans-retinyl esters are isomerized to 11-cis-retinol in a reaction
involving a 65 kDa RPE-specific protein (RPE65). To complete the visual cycle,
11-cis-retinol is then oxidized by 11-cis—retinal specific RDH (RDHSY) to 11-cis-retinal,
which then diffuses back into the photoreceptor where it combines with opsin to
regenerate visual pigments. IRBP, interphotoreceptor retinoid-binding protein; Stra6,
stimulated by retinoic acid gene 6.
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3.2. Miiller Cells and the Cone Visual Cycle

Cone photoreceptor cells utilize a second pathway to regenerate chromophore independent of
the RPE. The existence of this second cycle allows for rapid cone pigment regeneration under
constant and bright illumination where pigment is rapidly bleached [47]. Unlike rod cells which
solely rely on the RPE to convert all-trans-retinol to 11-cis-retinol, evidence from various species
have suggested that Miiller cells in the neural retina have the ability to perform this isomerization
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step autonomously from the RPE [48,49]. In addition, recent biochemical evidence has suggested
that cones cells oxidize 11-cis-retinol to 11-cis-retinal thus allowing for faster chromophore
recycling than seen in rod photoreceptors [42,50]. The cone specific visual cycle is evolutionarily
conserved in numerous rod dominated and cone dominated species signifying the importance of
this cycle despite the photoreceptor ratio variation seen between species [50].

3.3. Enzymatic Processing of Retinol in the RPE

The next step in the visual cycle after retinol esterification is the combined isomerization and
hydrolysis of retinyl esters by the isomerohydrolase protein RPE65 [46,51,52]. This reaction yields
11-cis-retinol which further becomes oxidized by 11-cis-retinol dehydrogenase (RDHS) to
11-cis-retinal, additional dehydrogenases are also known to be involved in this oxidation including
RDHI11 and RDHI10 (reviewed in [53]). Analogous to the Lrat deletion, genetic deletion or
mutation of the Rpe65 gene produces an intrinsic 11-cis-retinoid deficiency leading to the rapid
onset of retinal degeneration and blindness [54]. Unlike Rpe65 and Lrat, genetic knockout of Rdh5
does not produce a drastic phenotype in mice except for an observed increase in cis-retinols and
retinyl esters [43]. The absence of pathology observed in RAd5 knockout mice is most likely
explained by the redundancy that exists within the retinol dehydrogenase family. Currently the
view is that other proteins in the dehydrogenase family are exploited when RDHS is insufficient [55].
The formation of 11-cis-retinal is the last enzymatic step in the visual cycle before the retinoid is
transported through the interphotoreceptor matrix to the photoreceptor outer segment where it will
bind to one of many opsin proteins and undergo light induced isomerization.

3.4. Retinoid Transport between RPE and Photoreceptor Cells

Interphotoreceptor retinoid-binding protein (IRBP) is the major soluble protein that exists in the
interphotoreceptor matrix (IPM), and functions as the two-way carrier of retinoids, both from the
RPE to photoreceptors and from photoreceptors back to RPE [56,57] (Figure 2). Surprisingly the
rod visual cycle in /rbp knockout mice remains intact, although 11-cis-retinal regeneration occurs
at a reduced rate when compared to identically reared WT mice [58]. Recently IRBP has been
found to be crucial for the cone visual cycle most notably for proper cone function, maintenance of
cone outer segments and eye development [58—60]. In Xenopus IRBP was found to bind
specifically to the pericellular matrix of cone outer segments and Miiller cell microvilli, suggesting
that IRBP plays a significant role in the transport of retinoids to these cell types [61]. It is unknown
whether other proteins are involved in this transport, and some potential candidates have been
investigated, though the data are not conclusive [62]. Efficient transport is certainly necessary for
the proper recycling of retinoids during the visual cycle because of their hydrophobicity, thus
undiscovered secondary and compensatory transport mechanisms existing in the interphotoreceptor
matrix may still remain to be uncovered.
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3.5. Photoreceptor Cells and Visual Transduction

Once inside the photoreceptor cell the newly formed 11-cis-retinal forms a covalent schiff base
bond with an opsin molecule contained within an outer segment disc membrane [63,64]. Incoming
photons must pass through all layers of the retina before reaching photoreceptor outer segments and
initiating phototransduction (Figure 2). Photon absorption by 11-cis-retinal changes the bound
retinoid configuration from cis to trans, and allows the opsin molecule to activate the regulatory
protein transducin through its own conformation change to Metall. Transducin activation is
accomplished by the catalytic exchange of GDP for GTP facilitated by photoactivated opsin. This
exchange leads to a decrease of cytoplasmic cGMP concentrations, and eventually a nerve response
is propagated to the brain and perceived as vision (phototransduction and visual processing
reviewed in [65-67]). Rod and cones cells bind distinct transducin proteins, however by employing
comparable genomics it was found that all forms of vertebrate opsin contain the same functional
domains for binding transducin, confirming the importance of this signaling pathway in vision [68].

During transducin activation the schiff base bond between the opsin molecule and the newly
isomerized all-trans-retinal is hydrolyzed. This hydrolysis forms free all-frans-retinal which
subsequently becomes reduced to all-frans-retinol and binds to the cytosolic protein cellular
retinol-binding protein type-1 (CRBP1) where it is transported out of the photoreceptor cell and
back to the RPE for regeneration [69]. Excessive exposure to light, or a genetic mutation in one of
the many essential visual cycle proteins can cause the accumulation of all-frans-retinal leading to
the formation of condensation products, such as A2E, and cell toxicity [70-72].

4. Deficiencies in 11-cis-Retinal and Associated Retinal Degenerative Diseases

Mouse models of 11-cis-retinal deficiency have provided invaluable data regarding the importance
of sustained retinoid cycling between the RPE and photoreceptor cells in vision; in addition, these
models have provided biologically similar models of human retinal degeneration diseases for study.
Both Lrat and Rpe65 knockout mouse models have been employed in this field of research because
of their inability to produce the essential chromophore 11-cis-retinal, and thus these animals
develop retinal pathology similarly to what is observed in certain human retinal dystrophies.

4.1. Pathophysiology of 11-cis-Deficient Retinal Diseases in Mouse Models of
Retinal Degeneration

The progressive loss of rod photoreceptors and shortening of rod outer segments with age has
been reported in mice lacking functional Lrat or Rpe65 [45,52]. Additionally both mouse models
show rapid degeneration of cone photoreceptors, with complete degeneration of M/L and S opsin
occurring at P28 and P42 respectively [73,74]. Both knockout mice display mislocalization of cone
opsin at P28 and upon repeated administration of 11-cis-retinal opsin trafficking can be partially
corrected in young Lrat”~ and Rpe65~/ mice, emphasizing the importance of 11-cis-retinal for
proper cone opsin conformation and trafficking [54,74,75]. Recently, mounting evidence supports
the hypothesis that mislocalization of cone opsin results in increased endoplasmic reticulum stress
and induces the early cone cell death seen in LCA mouse models. Pharmacological studies in
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Lrat™ and Rpe65~~ mice have demonstrated that cone cell death can be ameliorated by both the
ER chemical chaperone tauroursodeoxycholic acid, and proteasome inhibitor MG-132 respectively,
suggesting a central role for ER in opsin protein degradation [76,77].

Rod opsin on the other hand is observed to traffic normally in the absence of 11-cis-retinal, both
in Lrat and Rpe65 knockout mice, suggesting that rod pigment does not necessarily need its
chromophore for proper photoreceptor localization [74], whereas 11-cis-retinal deficiency can
induce abnormality of length and morphological structures of rod outer segments in LCA mouse
models [74,78]. Experiments in P23H mutant mice have shown that the 11-cis-retinal or 9-cis-retinal
chromophore is important for increasing protein stability and intracellular transportation of mutant
rod opsin, providing evidence that specific protein sequences may also be important for proper
functioning and transport of rod opsin [79-81].

The cyclic processing of chromophore can be blocked by removal or mutation in any one of the
enzymes required for regeneration. Furthermore cycle interruption may result not only in cessation
of 11-cis-retinal chromophore production but also in the accumulation of products from the
previous steps, leading to cell disruption and death. Mutations in Lrat and Rpe65 disrupt the visual
cycle at distinct steps in regeneration and therefore knockout animals present differences in retinoid
composition in the eye. The loss of functional RPE65 prevents the conversion of stored retinyl
esters to 11-cis-retinal and causes the unrestrained accumulation of retinyl esters in the RPE,
leading to a nonfunctioning visual cycle [52]. Excessive ester accumulation, appearing as
retinosomes, can be clearly seen in young Rpe65 " mice, while such structures are rare in either
Lrat™~ or wild-type mice (Figure 3). In addition noninvasive two-photon imaging techniques have
revealed analogous fluorescent structures in RPE of 3 months old Rpe65 " mice, while these
structures were completely absent from Lrat™~, and minimal in wild-type mice [44].

Whereas Rpe65~/~ mice exhibit extremely high concentrations of retinyl ester, mice lacking the
enzyme LRAT possess only trace amounts of retinyl esters in the RPE, but likewise have a no
detectable 11-cis-retinal in the retina, indicating that LRAT is essential for the esterification step of
the visual cycle [74]. Furthermore, LRAT activity is required for storage of retinyl esters in other
tissues, such as the liver and lungs, thus in addition to the retinal degenerative phenotype Lrat’~
mice are highly susceptible to vitamin A deficiency [30,82]. In conclusion, because of the
pathological similarities shared between select human retinal degenerative diseases and both
Rpe65~ and Lrat”~ mice these models provide practical avenues for comprehensively studying
aspects of human disease progression and potential treatments.

4.2. 11-cis-Retinal Deficiency and Leber Congenital Amaurosis

Defects in 11-cis-retinal regeneration are seen in a number of human inherited degenerative
retinopathies including early childhood onset Leber congenital amaurosis (LCA). Diagnosis of
LCA is usually confirmed early in life by irregular electroretinographic and papillary responses,
and vision commonly declines with age until complete blindness is observed by the third or fourth
decade of life [83,84]. Numerous gene mutations have been reported to cause LCA in humans
including RPE65, LRAT, CRX (Homeodomain transcription factor), CRB1 (Crumbs like protein 1),
TULPI1 (Tubby-like protein), AIPL1 (aryl hydrocarbon interacting protein), and various other
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genes [84]. LCA typically is an autosomal recessive inherited disease, though autosomal dominant
patterns have been reported [85]. The early-onset rod-cone dystrophy phenotype is observed in human
patients diagnosed with LCA, but also in Rpe65~ and Lrat /" mice, as discussed above [45,52,86].
Early in life patients with LCA exhibit visual impairment with attenuated rod and cone function,
macular atrophy, severely delayed or minimal ERG responses, nystagmus, and retinal cell
degeneration [83,84,87,88]. LCA is currently considered an incurable disease but several promising
therapies are presently being investigated, including gene therapy and chromophore replacement
therapy [89-91].

Figure 3. (A) Horizontal EM images of RPE in 3 month old Rpe65~~, Lrat™~ and
wild-type mice. Of particular interest are the large retinosomes present around the
perimeter of RPE cells in Rpe65~~ mice (black arrows), these formations are indicative
of excessive ester accumulation in the retina. (B) Two photon imaging of the RPE in 3
month old Rpe65~~, Lrat”’~ and wild-type mice. Large autofluorescent spots are
observed in the RPE of Rpe65~~ mice (white arrows), while such spots are absent in

Lrat™~ mice, and are minimally observed in wild type mice. Scale bar 5.0 um.

5. Artificial Visual Chromophore Therapeutics and Further Applications

Pharmacological replacement of 11-cis-retinal has been shown to be highly effective at
reconstituting functional visual pigment, increasing ERG responses and reducing the rate of retinal
degeneration in animals with Rpe65 or Lrat mutations [89,91]. 9-cis isomers have proven to be the
most successful isomer in replacing the native 11-cis chromophore in vivo. Moreover 9-cis-retinal
is preferred over 11-cis-retinal for chromophore replacement therapy because of its increased
stability, ease of synthesis and ability to form light sensitive isorhodopsin in vivo [91]. Once
incorporated into the rod outer segment 9-cis-retinal forms a schiff base with residue K296 of opsin
producing a chromophore molecule analogous to 11-cis-retinal bound chromophore, and reducing
the amount of endogenous opsin apoprotein [92] (Figure 4).
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Figure 4. Isomers of the opsin chromophore. Both 11-cis-retinal and 9-cis-retinal form
a Schiff base with residue K296 of the opsin molecule forming the light sensitive
chromophore used in vision.
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9-cis-retinoids taken orally, are converted to pro-drug forms in vivo, stored in the liver,
transported in the blood, and eventually taken up into retinal tissue similar to dietary vitamin A.
The capability to store 9-cis retinoids in tissues that naturally sequester vitamin A is especially
important in producing a continuous therapeutic effect with retinoid drug administration. To avoid
potential negative effects of administering large doses of retinoids future development of targeted
delivery systems may lead to lower toxicity and improved effectiveness [93,94].

5.1. Prevention of the LCA Phenotype with Administration of 9-cis-Retinoids in Animal Models

The Lrat”~ and Rpe65~~ mouse provide useful disease models for studying the efficacy and
toxicity of chromophore replacement therapy, since these mice lack visual chromophore and develop
retinopathy that closely resembles LCA in humans. In Rpe65~" mice oral gavage of 9-cis-retinal,
the biologically active form, which binds with opsin, has been shown to produce functional
isorhodopsin, restore rod function, increase light sensitivity, and reduce RPE ester concentration
in vivo [89,91]. Likewise, intravitreal injections of 9-cis-retinal increased ERG responses and
improved obstacle avoidance in a RPE65 deficient canine model of LCA [95]. 9-cis-retinal
treatment in both Lrat~~ and Rpe65~~ mice demonstrate the ability of this retinal isomer to bypass
essential steps in retinoid regeneration, fully integrate into photoreceptor outer segments and form
isorhodopsin capable of sensing light (Figure 5).

Various analogs of 9-cis-retinal have been investigated that theoretically provide better stability
in gastric acidity when ingested and are further metabolized in the liver to produce storage forms of
9-cis-retinyl esters, such as 9-cis-retinyl palmitate [93,96]. Prolonged improvements in ERG
responses in 9-cis retinyl acetate treated Rpe65~~ mice implies that 9-cis-retinoids are stored in the
liver, mobilized, taken up by RPE cells through the circulation as 9-cis-retinol and incorporated
into the visual cycle similar to the all-frans isomer [97]. Uptake of retinol from the circulation into
the RPE of Rpe65~~ mice remains functional despite the presence of an abnormally large quantity
of retinyl esters, implying that circulating 9-cis-retinoids can be absorbed by the RPE even though
a functional visual cycle does not exist [98]. Prodrugs, which can be stored by the body, provide
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a practical approach to 9-cis-retinal delivery in humans by increasing drug bioavailability and
decreasing the need for frequent dosing.

Figure 5. Normal phase HPLC analysis of retinoids in dark adapted mouse models of
retinal degeneration. Concentrations of cis-retinoids and retinyl esters in the retina
differ before and after 9-cis-retinoid treatment. Control Rpe65 knockout mice exhibit
significantly increased concentrations of retinyl esters and are devoid of 11-cis-retinal.
Rpe65™~ mice treated with 9-cis-retinoids show increase 9-cis-retinal bound to
rhodopsin. Likewise, untreated Lrat knockout mice lack both 11-cis-retinal and retinyl
esters, while treated Lrat knockout mice show an increase 9-cis-retinal bound to
rhodopsin. WT mice show normal concentrations of 11-cis-retinal, as well as small
amounts of retinyl esters.
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9-cis-retinyl acetate is one such prodrug, since it must be metabolized to the active 9-cis-retinal
by the liver and then delivered to the eye via the bloodstream. Analogous to 9-cis-retinal therapy
9-cis-retinyl acetate treatment in Lrat”~ and Rpe65~~ mice generates functional isorhodopsin,
maintains retinal thickness, and attenuates the decrease in ERG scotopic and photopic responses
consistently seen with increasing age [71,99]. Similar to rod photoreceptors, the rate of age related
cone photoreceptor cell death was slowed in 9-cis-retinyl acetate treated Rpe65~~ and Lrat™~ mice
compared to untreated counterparts [100,101]. Furthermore significantly improved pure cone cell
ERG responses were recorded in 9-cis-retinyl acetate treated Rpe65~~ and Lrat "~ mice lacking the
functional transducin protein required for continued phototransduction in only rod cells. These data
suggest that chromophore replacement therapy may be beneficial for also rescuing cone
photoreceptor cells in LCA patients, which tend to be lost earlier in disease progression than rod
photoreceptor cells [100]. Pharmacokinetic and systemic retinal toxicity studies demonstrated that
WT, Rpe657", and Lrat”~ mice administered various dosing regimens of 9-cis-retinyl acetate
displayed no toxicity at therapeutic dosing [97,99]. A recent study demonstrated that retinas of
Rpe65~~ and Lrat”’~ mice were well tolerated to continuous exposure of high levels of
QLTO091001, a 9-cis-retinyl acetate drug, without the accumulation of toxic retinoid byproducts,
such as A2E, and obvious pathological changes in neural retina and RPE [99]. Importantly
QLTO091001, developed by QLT, Inc., has been tested in preliminary human clinical trials
(ClinicalTrials.gov number, NCT01014052).

More recently, subcutaneous implantations of microparticle-hydrogels loaded with 9-cis-retinyl
acetate have improved ERG responses and maintained retinal morphology in Lrat™~ mice,
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suggesting that the use of such implants can reduce the frequency of dosing and therefore decrease
the risk of hypervitaminosis A in patients [94,102-107]. The side effects observed from extreme
over supplementation of vitamin A derivatives have prompted extensive research and development
of chemically modified retinoids, as well as novel delivery systems that decrease toxicity and
increase drug effectiveness. Excess natural or synthetic retinoids pose serious teratogenic risks and
can possibly lead to craniofacial, cardiac, thymic, and central nervous system malformations in
infants [106—-108]. In adults chronic hypervitaminosis A, caused by long-term retinoid administration,
can result in fibrosis and cirrhosis of the liver, hypercalcemia and bone loss [102—104]. The severe
side effects observed from over supplementing vitamin A derivatives have recently prompted
extensive research and development of chemically modified retinoids, as well as novel delivery
systems that decrease toxicity and increase drug effectiveness. Advancements in slow release
therapies may in the future reduce the necessity for frequent dosing allowing patients to visit
clinicians less frequently, while providing a consistent dosing of the drug.

5.2. Therapeutics of 9-cis-Carotenoids in the Treatment of LCA

Proretinoid compounds, such as carotenoids, have also been investigated for their potential use
in treating chromophore deficiency in retinal diseases. Of particular interest is the naturally
occurring carotenoid isomer 9-cis-p-carotene, because if metabolized and cleaved symmetrically by
BCMOI, this carotene isomer has the potential to produce 9-cis-retinal in vivo. In addition
substituting carotenes in place of retinoid supplements is particularly appealing since it eliminates
the risk of developing hypervitaminosis A, given that B-carotene uptake and catabolic cleavage is
negatively regulated by dietary vitamin A intake [17,109].

Recently a clinical study in patients with fundus albipunctatus, a congenital form of night blindness
resulting from a genetic mutation in gene RDHS required for the oxidation of 11-cis-retinol to
11-cis-retinal, demonstrated that administration of 9-cis-carotene rich supplements improved ERG
responses and enhanced patients mean visual field score [110,111]. Conversely, a similar
experiment was performed in both the Lrat”~ and Rpe65~~ mouse and demonstrated extremely
limited delivery of 9-cis-retinal to the eye when these animals were administrated 9-cis-f3-carotene
isolated from D. barawil extracts [112]. Furthermore it was demonstrated in vitro that a second
carotenoid cleavage enzyme, P-carotene dioxygenase 2 (BCDO2), exists in the intestine and
favorably cleaves 9-cis-B-carotene asymmetrically, producing products which are further
metabolized into all-trans-retinal by BCMOI1 [112]. The results from the latter study provide
evidence that cis-carotenoids are far less effective than 9-cis-retinoids for delivery of 9-cis-retinal
to the eye because of the different catabolic pathways used to produce active retinoid compounds
from proretinoids. The above mentioned clinical study included a small sample size of seven
patients, and did not contain a control or placebo group; therefore the results observed in this study
could be attributed to the increase in the overall intake of dietary vitamin A and not the specific
action of the 9-cis isomer of B-carotene.
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6. Conclusions

To sustain vision vertebrates require the continued cyclic regeneration of the vitamin A
derivative 11-cis-retinal. Prolonged insufficient dietary supply of vitamin A, select genetic defects
in genes required for the production of 11-cis-retinal chromophore or discontinuous retinoid
cycling may have devastating effects on the overall health of the retina and the quality of vision.
Particular human diseases, such as LCA, lack the functional enzymatic reactions to regenerate
11-cis-retinal, and therefore patients with these defects exhibit decreased visual responses at an
early age, which additionally decline steadily throughout life.

Supplementation with preformed cis-retinoid derivatives has been show to bypass defective
steps in the visual cycle, and regenerate pigments necessary for vision in animal models of retinal
degenerative diseases. The main caveats to retinoid treatment are the myriad of toxic effects seen
with administration of pharmacological doses of vitamin A derivatives for prolonged lengths of time.
Therefore novel methods for reducing the risk of vitamin A toxicity, improving drug effectiveness,
and reducing the frequency of dosing are absolutely necessary for designing a safe retinoid derived
drug for treatment of retinal degenerative diseases associated with chromophore deficiency.
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Retina, Retinol, Retinal and the Natural History of Vitamin A
as a Light Sensor

Ming Zhong, Riki Kawaguchi, Miki Kassai and Hui Sun

Abstract: Light is both the ultimate energy source for most organisms and a rich information
source. Vitamin A-based chromophore was initially used in harvesting light energy, but has become
the most widely used light sensor throughout evolution from unicellular to multicellular organisms.
Vitamin A-based photoreceptor proteins are called opsins and have been used for billions of years
for sensing light for vision or the equivalent of vision. All vitamin A-based light sensors for vision
in the animal kingdom are G-protein coupled receptors, while those in unicellular organisms are
light-gated channels. This first major switch in evolution was followed by two other major
changes: the switch from bistable to monostable pigments for vision and the expansion of vitamin
A’s biological functions. Vitamin A’s new functions such as regulating cell growth and differentiation
from embryogenesis to adult are associated with increased toxicity with its random diffusion. In
contrast to bistable pigments which can be regenerated by light, monostable pigments depend on
complex enzymatic cycles for regeneration after every photoisomerization event. Here we discuss
vitamin A functions and transport in the context of the natural history of vitamin A-based light sensors
and propose that the expanding functions of vitamin A and the choice of monostable pigments are
the likely evolutionary driving forces for precise, efficient, and sustained vitamin A transport.

Reprinted from Nutrients. Cite as: Zhong, M.; Kawaguchi, R.; Kassai, M.; Sun, H. Retina, Retinol,
Retinal and the Natural History of Vitamin A as a Light Sensor. Nutrients 2012, 4, 2069-2096.

1. Sunlight and Vitamin A

The prevalent light source throughout evolution has been sunlight shining on the surface of the
earth. For billions of years, vitamin A biology has been tightly linked to sunlight. Living organisms
use sunlight primarily as a source of energy, the source of information for vision, and an indicator
of time. Remarkably, vitamin A-based chromophore has evolved as the light sensors for all three
usages (Table 1). Archaebacteria use vitamin A-based light-driven pumps to harvest light energy
(e.g., by creating the electrochemical gradient of protons to drive ATP synthase). This is an
alternative mechanism to chlorophyll-based phototrophy. For adjusting the biological clock,
vitamin A-based photoreceptor proteins are used as the light sensors, although flavin-based
photoreceptor proteins have also been used for this purpose. However, for vision or the equivalent
of vision, the vast majority of species use vitamin A-based chromophore as the light sensor.
Vitamin A-based chromophore is the exclusive choice for vision in multicellular organisms.
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Even vitamin A’s name is tightly linked to vision. The scientific name for vitamin A derivatives
is retinoid, which is derived from the word “retina”. Retinoids include retinol (the alcohol form),
retinal (the aldedyde form, also called retinaldehyde or retinene) and retinoic acid (the acid form).
Although vitamin A existed as a chemical before it functioned as a vitamin and retinal existed as a
light sensor before there was a retina, we still use these names to refer to these chemicals.

What makes vitamin A so special for vision (the perception of light)? Why was vitamin A
repeatedly chosen by evolution as the sensor for sunlight? What determined the region of the
electromagnetic spectrum that is visible to the human eye? There are two important factors that
provide likely answers for these related questions. First, the conjugation of the aldehyde end of
retinal to photoreceptor proteins causes a red shift in its absorbance to the visible range (from the
perspective of human vision). Visible light (visible due to vitamin A-based light sensors) generally
matches the peak irradiance of sunlight on the earth’s surface [1,2]. In contrast, most other light
sensors absorb primarily in the UV range (e.g., flavin-based light sensors). Second, the large
light-induced conformational change of vitamin A-based chromophore makes it ideal as a ligand
for membrane receptors. The large conformational change likely makes it easier for the photoreceptor
protein to distinguish the silent state (in the dark) and the activated state (in the light).

1.1. The First Major Switch in the Evolution of Vitamin A-Based Light Sensors

All vitamin A-based photoreceptor proteins are called opsins. All opsins in the animal kingdom
that sense light for vision (visual pigments) are G-protein coupled receptors. Visual pigments
sense light for daytime and nighttime vision and encode wavelength information of light for color
vision [3]. All opsins in the animal kingdom are homologous to visual pigments. In contrast, opsins
in unicellular organisms are light-gated channels (for light sensing) or light-driven pumps (for
harvesting light energy) [4]. The switch from ion channel and pumps to G-protein coupled
receptors is the first major event in the evolution of vitamin A-based light sensors (Table 1). Opsins
that are light-gated ion channels or pumps use all-frans retinal as the chromophore, while opsins
that are G-protein coupled receptors all use 11-cis retinal as the chromophore (Table 1 and
Figure 1). The vitamin A-based light sensors listed in Table 1 are not meant to be all inclusive
because some species contain surprisingly large numbers of opsins, and the functions of some
opsins are still not well understood. Using humans and mice as an example, the human retina has
long-, medium- and short-wave visual pigments in cone photoreceptor cells [5,6], rhodopsin in rod
photoreceptor cells [7-10], melanopsin in ganglion cells [11-17], peropsin in the apical microvilli
of the retinal pigment epithelium (RPE) [18] and RGR in the intracellular membranes of the
RPE [19-22] (Figure 2). The mouse retina does not express the long-wave cone pigment [23], but
has an additional opsin called neuropsin, which is mostly localized to the amacrine and ganglion
cell layers [24,25].
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Although there is tremendous diversity in the absorption maxima of cone visual pigments, the
peak absorbance of rhodopsin, the dim light receptor, in many species is 500 nm. Why not 450 nm
or 550 nm? One likely explanation is that the wavelength of the peak irradiance of sunlight on earth
surface is 500 nm. Moonlight, the dominant light in natural world at night, is reflected sunlight and
thus has same peak irradiance. The peak absorbance of rhodopsin matches this peak irradiance to
achieve maximum sensitivity to available light. In contrast, maximum sensitivity is less important
for cone visual pigments, which diversify their absorbance maxima for color vision. An extreme
example of how available light determines the absorption spectra of visual pigments is the color
vision of coelacanth, which lives at a depth about 200 m. To detect color and light in deep ocean
where available light spans a very narrow range around 480 nm, coelacanth has only two visual
pigments with absorption maxima of 478 nm and 485 nm, respectively [26]. This is in sharp
contrast to another extreme example of a fish that has vision both above and below water (Anableps
anableps). This fish has ten different opsins to adapt to vision both above and below water [27].
Visual pigments can achieve the exact absorption maximum that meets the organism’s biological
need through several mechanisms of spectral tuning. The common mechanism of spectral tuning is
to change the protein environment that surrounds the chromophore [28-35]. Generally, opsin
environments that encourage n-electron delocalization of retinal cause a red shift in the absorption
maximum. Another mechanism is by changing the structure of the chromophore itself. Although
retinal is the universal chromophore for all vitamin A-based light sensors, the exact isomer of
retinal can be different between species (Figure 1). For example, aquatic animals are known to shift
absorption maxima of visual pigments by using the Al (1l-cis retinal) or A2 (11-cis-3,4-
dehydroretinal) chromophore [36—40]. There are also examples of terrestrial vertebrates using
vitamin A2-based visual pigments, which belong to the most red-shifted visual pigments (e.g.,
absorption maximum of 625 nm) [41]. A2 pigments absorb longer wavelengths of light compared
to the Al version because of the extension of the conjugated chain of the chromophore.
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Figure 1. Examples of structural divergence of biologically active retinoids
simplicity, only representative biologically active endogenous retinoids are shown
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Figure 2. Schematic diagram of the localization of various opsins in human and mouse
retina and retinal pigment epithelium (RPE). Only cells or cellular structures that
express opsins are shown and are color-coded. There are species variations. Human, but
not mouse, has the long-wave cone pigment. Neuropsin is expressed in the mouse
retina, but not in the human retina.
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1.2. The Second Major Switch in the Evolution of Vitamin A-Based Light Sensors

The second major change in the evolution of vitamin A-based light sensors is the emergence of
monostable pigments (Table 2). All opsins before vertebrate visual pigments (from opsins of
unicellular organisms to invertebrate opsins) are bistable pigments, which can be regenerated by
light after photobleaching (Table 2). All vertebrate visual pigments are monostable pigments,
which release the chromophore after every photoisomerzation event and depend on an enzymatic
cycles called the visual cycle to regenerate [42-46]. To compete with bleached rhodopsin for
chromophore in daylight, cone visual pigments have their unique regeneration pathway that is
different from the visual cycle that regenerates rhodopsin [47-51]. The isomerase in this
cone-specific pathway has now been identified [52]. The mechanisms of chromophore release by
bleached vertebrate rhodopsin and cone pigments have been studied recently [53,54]. Compared to
the regeneration of the bistable pigments by light, the regeneration of monostable pigments requires
much more complex mechanisms involving many enzymes and transport proteins (Table 3). The
regaining of the 11-cis retinal by the monostable pigment after light-induced release is an important
factor affecting the dark adaptation of photoreceptor cells [44]. Without the chromophore, the opsin
apoprotein itself can activate signal transduction [55,56].
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Table 2. Convergent and divergent events in the evolution of vitamin A-based light sensors.

Kingdom Monera Plantae Animalia
Halobacterium |Chlamydomonas Watasenia  Rana Gallus Mus  Homo
halobium reinhardtii scintillans catesbeiana gallus musculus sapiens
Light sensing Vitamin A-based light sensors for vision or the equivalent of vision
Opsins Light-driven pumps or All visual pigments in the animal kingdom are
light-gated ion channels G-protein coupled receptors
Chromophore All-trans retinal 11-cis retinal
Light-induced . .
isomerization All-trans to 13-cis 11-cis to all-trans
Photolability Bistable pigments Monostable pigments for vision
Regeneration
after Light-dependent Enzymatic

photobleaching

Vitamin A has diverse biological

Vitamin A . L . functions (e.g., regulating cell growth
. Vitamin A’s only function is light absorption . S
functions and differentiation in development and
in adult)
Toxicity of free . .
O Relatively low High
retinoid
. . . The emergence of the RBP/STRA6
Vitamin A No known mechanism dedicated to . . .
. system for sustained, specific, efficient
transport long-range vitamin A transport

and controlled delivery

Vision is known to optimize energy use [57,58]. For chromophore regeneration, vertebrate
photoreceptor cells took the seemingly paradoxical evolutionary choice of using the much more
energy-inefficient monostable pigments. In contrast, bistable pigments are regenerated by light
after photobleaching without any cellular energy. Comparing the energy efficiency of the
two mechanisms is analogous to comparing heating a building using fossil fuel versus solar energy.
To make it even more “wasteful”, we need to constantly consume cellular energy to regenerate
bleached rhodopsin in daylight, even when rod photoreceptor cells are completely saturated and do
not contribute to visual perception. In contrast, bistable pigments only need enzymatic regeneration
when the photoreceptor protein is degraded, not when it is bleached [59]. This regeneration is
important during nutritional deficiency.

To convert the released free all-frans retinal back to 11-cis retinal for monostable pigments,
evolution produced many proteins dedicated to the visual cycle. All these proteins are potential
causes of blinding diseases. An example is ABCA4 (ABCR) [60,61], whose surprising existence is
a testament to the sophistication of the visual cycle. ABCA4 is an ATP-dependent membrane
transport protein in photoreceptor disc membranes, and its function is to accelerate the transport of
retinal conjugate across photoreceptor disc membranes [62—68]. Loss of ABCA4 function leads to
the accumulation of A2E, a toxic bis-retinoid adduct and delayed dark adaptation.
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Table 3. Comparison of bistable pigments and monostable pigments.

Advantages . . .
. Bistable pigment Monostable pigment
Disadvantages
Chromophore ~ Chromophore is not released after Chromophore is released after every
Release photoisomerization photoisomerization event
Regeneration Depends on multiple enzymatic steps and
Mechanism’s ~ The pigment can regenerate itself using light two cell types to regenerate every released
Complexity chromophore molecule
Does not depend on cellular energy to Depends on the cellular energy of two cell

Consumption of . .
P regenerate after bleaching and is much more types to regenerate every released

Cellular E
cruar Energy energy efficient chromophore molecule

Constant recycling of retinoid between two
cell types during daytime leads to
inevitable loss of the chromophore and

The need of New Vitamin A-based chromophore is only
Vitamin A-Based needed during the initial production of the

Ch h bistable pi t
romophore istable pigmen demands new supply

Sensitivity to
Vitamin A Relatively low
Deficiency

High (the eye is the human organ most
sensitive to vitamin A deficiency)

Toxic retinal is released after every
photoisomerization event; free retinal can
lead to toxic A2E formation

Long-Term No toxic retinal is released after light
Toxicity bleaching of the pigment

Frequency of the
(Enzymatic)
Visual Cycle

Highly frequent (A visual cycle is used
after every photoisomerization event to
regenerate bleached pigment)

Infrequent (A visual cycle is used to recycle
chromophore released from degraded opsins)

Constant regeneration of bleached
rhodospin in bright daylight when the rod is
completely saturated is highly wasteful

“Wasteful” Little or no wasteful regeneration that
Regeneration  consumes cellular energy

. Depends on light to regenerate; can Due to its ability to be regenerated in
Regeneration . . o . .
in the Dark regenerate in the dark only during the initial complete darkness, it is more sensitive for
in the Dar . . S ..
formation of the pigment nighttime vision
Consequence of .. . L
. Activation or regeneration Activation only
Photon Absorption
Encoding Each pigment has a distinct spectral
Wavelength Each pigment has two kinds of spectral sensitivity and is perhaps more precise in

Information sensitivity (for bleaching and regeneration) encoding wavelength information for
of Light color vision

ABCA4 mutations are associated with several blinding diseases in humans, including Stargardt
macular dystrophy [69], cone rod dystrophy [70] and retinitis pigmentosa [70,71]. Since ABCA4
functions to accelerate the regeneration of monostable pigments and species that do not have
monostable pigments naturally lack ABCA4, human diseases associated with ABCA4 ultimately
originated from the choice of monostable pigments during evolution. There may still be other
unknown components of the visual cycle. For example, ABCA4 is expressed in the disc
membranes of photoreceptor cells where it can play no role in retinal transport between the RPE
and photoreceptor cells.
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Although vertebrates exclusively use monostable pigments for vision, theydo have endogenous
bistable pigments in the inner retina including melanopsin [72—75] and neuropsin [25,76].
Exogenously expressed bistable pigments from unicellular organisms even function well both in
the vertebrate retina [77] and the brain (as employed by the technique optogenetics) [78]. Bistable
pigments can be repeatedly stimulated by light in vertebrate neurons that have no access to the
visual cycle [78]. Why did evolution come up with monostable pigments, which require much more
“maintenance”? Despite the many advantages of bistable pigments, there have to be very good
reasons for monostable pigments to exist as the universal pigments for vertebrate vision. The first
likely reason is survival in the dark. Vision at night can offer tremendous survival advantages for
both predators (e.g., to find more prey) and prey (e.g., to avoid predators). Unlike bistable pigments,
monostable pigments can regenerate in complete darkness and therefore are likely more suitable for
continuous night vision. Bistable pigments can be formed in the dark only in the initial formation
of the bistable pigment [79]. Another possible advantage is color vision. Monostable pigments may
be more precise in discriminating different wavelengths of light (the basis of color vision) because
the response of a bistable pigment to light is confounded by its two absorption maxima (one for
activation and one for regeneration). There may be other reasons to justify the choice of this highly
energy-consuming and disease-prone regeneration mechanism for visual pigments.

2. Broadening of the Biological Functions of Vitamin A
2.1. Expanding Biological Functions of Vitamin A

If vitamin A is taken in for vision, why not use it for something else? That’s exactly what
happened in evolution (Figure 1 and Table 2). Vertebrates broaden the use of vitamin A to many
other essential biological functions, including its essential roles in embryonic development, maturation
of the immune system, maintenance of epithelial integrity, and in the adult brain for learning and
memory and neurogenesis [80-87]. This is the third major change in the biology of vitamin A.
Most of these new functions are mediated by the acid form of vitamin A (retinoic acid) [88,89].
Since this functional diversification in evolution, vitamin A deficiency would no longer be limited
to effects on vision, and vitamin A became an essential nutrient for almost all vertebrate organs.

Vitamin A deficiency affects many vertebrate organs [90,91]. The most well known effects of
vitamin A deficiency in humans are night blindness [92] and increased childhood mortality and
morbidity [93]. In adults, vitamin A deficiency can lead to profound impairment of hippocampal
long-term potentiation and long-term depression [94] and impairment in learning and memory [95].
Vitamin A deficiency can also lead to pathological changes in the lung [96,97], the skin [98], the
thyroid [99] and the male and female reproductive systems [90,100]. It was recently discovered that
retinol, but not retinoic acid, prevents the differentiation and promotes the feeder-independent culture
of embryonic stem cells [101]; retinal inhibits adipogenesis [102]; and retinoic acid regulates
protein translation in neurons independent of its roles in regulating gene transcription [103,104].
Given its numerous biological functions, retinoid plays positive or negative roles in a wide-range
of human diseases, such as visual disorders [45], cancer [105,106], infectious diseases [82],
diabetes [107,108], teratogenicity [109], and skin diseases [110].
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2.2. Retinoid Toxicity Associated with the Evolution of Vitamin A Functions

Broadened biological activity of vitamin A is a double-edged sword that also leads to broader
toxicity caused by excessive vitamin A or its derivatives (Table 4). Retinoid toxicity can be caused
by physical properties of retinoid (e.g., acting like a detergent at sufficient concentrations),
chemical reactivity of retinoid (e.g., modification of random proteins by free retinal), or
inappropriate biological activities (e.g., retinoic acid activating or suppressing gene expression at
the wrong cell type or at the wrong time) (Table 4). Excessive vitamin A uptake can lead to severe
toxicity in humans [109,111-113]. Water-miscible, emulsified, and solid forms of retinol are much
more toxic than oil-based retinol preparations [114]. Excessive retinoic acid is even more toxic
than retinol, consistent with the fact that retinoic acid is more biologically active [115]. Retinoid
therapy for human diseases is often associated with side effects such as terotogenicity [109,115,116].
Chronic exposure to clinical doses of 13-cis retinoic acid suppresses hippocampal neurogenesis
and disrupts hippocampal-dependent memory [117]. In addition, 13-cis retinoic acid intake causes
night blindness [118].

Retinal is the vitamin A derivative that is most toxic, due to its chemical reactivity. Even when
vitamin A is used only for light sensing, retinal can be toxic [119] due to its chemical toxicity in
randomly modifying proteins through Schiff base formation. Retinal toxicity becomes more severe
for organisms using monostable pigments, which constantly release free retinal in daylight. As a
protein that interacts with retinal, ABCA4 in photoreceptor cells is sensitive to retinal-mediated
photooxidative damage [120]. A photoreceptor cell culture study revealed that retinal is much more
toxic than retinol in mediating photooxidative damage [121]. Photooxidation caused by all-trans
retinal released from monostable pigments has been observed in single vertebrate photoreceptor
cells [122]. Knocking out both ABCA4 and RDHS, two genes that function to reduce retinal
toxicity, causes severe retina degeneration [123]. The constant release of free retinal in daylight by
the monostable pigments also paves the way for the generation of a toxic chemical derived from
retinal called A2E, a unique vitamin A derivative found in vertebrate eyes that has only toxicity but
no beneficial function [124-130]. In a sense, A2E ultimately results from the choice of monostable
pigments in evolution due to their constant release of free all-frans retinal and the demand for
11-cis retinal in daylight.
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3. The Emergence of a Specific and Stable Vitamin A Transport Mechanism that Coincided
with Major Changes in Vitamin A Functions

The tremendous expansion in the biological functions of retinoids, the dependence on vitamin A
for survival, and toxicity associated with their random diffusion demand a specific and stable
mechanism of vitamin A transport. The concomitant emergence of monostable pigments for vision
also demands a specific and stable mechanism of vitamin A transport because the constant release
of free retinal by monostable pigments (after every photoisomerization event) and the constant
recycling of retinoid between two cell types in daylight inevitably causes loss of vitamin A
(absorption of one photon initiates one cycle). Indeed, the diversification of vitamin A functions
and the switching of visual pigments from bistable pigments to monostable pigments in evolution
coincided with the emergence of a specific and dedicated vitamin A transport mechanism
(Figure 3). This mechanism of vitamin A transport is mediated by the plasma retinol binding
protein (RBP), a specific and sole carrier of vitamin A in the blood [131-136], and its specific
membrane receptor STRA6, which mediates cellular vitamin A uptake [137].

Figure 3. Summary diagram of the key events in the evolution of vitamin A functions
that coincide with the emergence of RBP/STRA6-mediated specific vitamin A transport.
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Surprisingly, evolution seems to have produced the RBP receptor STRA6 from scratch because
it is not homologous to any membrane receptors or transporters of known function and represents
a new type of cell-surface receptor [138]. In contrast, ABCA4, a transporter for vitamin A
derivatives, belongs to an ancient family of ATP-dependent transporters. STRA6 employs a
membrane transport mechanism distinct from known celluar mechanisms including active
transport, channels, and facilitated transport [139,140]. STRAG6’s vitamin A uptake is coupled to
intracellular proteins involved in retinoid storage such as LRAT [137,141,142] or CRBP-I [139],
but no single intracellular protein is absolutely required for its vitamin A uptake activity [139,140].
At the biochemical level, STRAG6 has diverse catalytic activities such as catalyzing retinol release
from holo-RBP [139,140], retinol loading into apo-RBP [139,142], retinol exchange between RBP
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molecules [140], and retinol transport from holo-RBP to apo-CRBP-I [139]. Depending on
extracellular RBP species (the ratio of holo-RBP to apo-RBP) and intracellular proteins (the
presence of CRBP-I or LRAT), STRA6 can promote retinol influx, retinol efflux or retinol
exchange [140]. How STRAG achieves its biological activities is not well understood. STRA6 has 9
transmembrane domains, 5 extracellular domains and 5 intracellular domains [143]. Between
transmembrane 6 and 7 is an essential RBP binding domain [144].

Studies in human genetics and in animal models have revealed the critical functions of RBP and
STRAG. Partial loss of RBP function leads to RPE dystrophy at a young age in humans [145,146].
Complete loss of RBP is embryonic lethal under vitamin A deficient conditions that mimic the
natural environment [147]. RBP is required to mobilize liver-stored vitamin A [148]. Complete loss
of STRAG in human causes wide-spread pathogenic phenotypes in many organs [149,150]. Loss of
STRAG causes highly suppressed tissue vitamin A uptake in both zebrafish [142] and mouse [151].
Loss of STRAG leads to the loss of most stored vitamin A in the eye and subsequent cone
photoreceptor degeneration, consistent with previous findings that loss of visual chromophore
causes cone photoreceptor degeneration [152—155].

STRAG6 knockout causes the loss of 95% of the retinyl ester store in the RPE cells, the key cell
type responsible for vitamin A uptake and storage for vision [151]. What is responsible for the
STRAG6-independent 5%? RBP/STRA6-mediated specific vitamin A transport is not the only
mechanism of vitamin A delivery. Vitamin A, like many hydrophobic drugs, has a theoretically
much simpler mechanism of transport by random diffusion. However, virtually all vitamin A in
vertebrate blood is bound to RBP. The other most dominant mechanism is mediated by retinyl
esters in the blood, as revealed by studies of RBP knockout mice [147,156]. Consistently, RPE-
specific LRAT knockout also revealed that the RPE can take up retinyl esters without LRAT [157].
The LRAT-independent uptake of retinyl esters by the RPE is more than sufficient to account for
the residual retinyl ester in STRA6 knockout mice [151]. This suggests that STRAG is responsible
for virtually all retinol accessible to LRAT in the RPE.

Retinyl ester bound to chylomicron is the primary vehicle that transports dietary vitamin A
absorbed by the small intestine to the liver, the primary organ for vitamin A storage [158,159].
There is also strong experimental evidence that a fraction of the retinyl esters can be absorbed by
peripheral organs as well [133,159]. This vitamin A transport mechanism is independent of
RBP/STRAG. If retinyl ester in the blood can deliver vitamin A, why do we need RBP/STRA6?
The many differences between the two mechanisms can answer this question (Table 5). The
RBP/STRA6-mediated transport is a sustained and specific mechanism. The high affinity and
specificity in RBP’s binding to STRAG6 can target the vitamin A/RBP complex to specific cells that
specialize in vitamin A uptake and storage (e.g., the RPE cell). Although retinyl ester in the blood
is capable of partially compensating for the loss of RBP or STRA6 under vitamin A sufficient or
excessive conditions, it “borrows” lipid transport pathways, which target a much wider variety of
cell types (beyond those specialized in vitamin A uptake and storage) and cannot be relied on during
vitamin A deficiency, which is common in natural environments. Studies in both animals [160] and
humans [111] revealed that more toxicity is associated with vitamin A delivery independent of
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RBP. An increase above 10% in retinyl ester in the blood is regarded as a sign of vitamin A
overload [111,131].

Table 5. Comparison of vitamin A transport via holo-RBP in the blood vs. retinyl esters
in the blood.

RBP-Bound Retinol in Blood
Primarily the liver

Retinyl Ester in Blood
Primarily the small intestine

Tissue Origin

Diet itamin A i diatel,
L Vitamin A stored in the liver, the ey vi aml.n fmmediatety
Source of Vitamin A after absorption by the small

primary organ for vitamin A storage

intestine
Ability to Mobilize Liver-
Y N
Stored Vitamin A e ©
Depend I diat
pen e.:nce on Immediate No Yes
Diatary Intake
R lati f it trati
egula 104n of its Concentration Yes No
in the Blood
As a Source of Vitamin A
. Yes No
During the Absence of Food
As a Source of Vitamin A in
the Absence of Vitamin A in Yes No

Food

Retinyl esters are carried by

Nature of the Carrier Protein(s)
in the Blood

The only known natural
ligand of RBP is retinol

lipoproteins such as chylomicron
remnants, which contain many
kinds of lipids

Cellular Uptake Specificity

Cellular retinol uptake by the RBP
receptor is not associated with

Cellular retinyl ester uptake is
associated with cellular uptake

1lul take of ther kind.
cellular uptake o Many ofhet xinds of many other kinds of lipids

of lipids
Regul Mechani f
ceu .ator}/ cenanism o Unknown Unknown
Vitamin A Uptake
No Yes

As a Cause of Vitamin A
Toxicity in Human

(An increase above 10% in
retinyl esters in the blood is a sign
of vitamin A overload in human)

(Healthy people maintain
micromolar concentrations in the
blood)

There exists a STRA6 homolog. The function of this homolog is an intriguing question [161,162].
A recent study found that it is mostly expressed in the liver and the small intestine in mice and can
take up vitamin A from holo-RBP similarly to STRAG6 [163]. Since transfer of retinol within the
liver does not depend on RBP, and liver largely obtains its stored vitamin A from chylomicron
remnants [159], this receptor may help certain liver cells to obtain vitamin A from holo-RBP in the
circulation. The small intestine absorbs vitamin A or its precursors from food and secretes retinyl
esters bound to chylomicrons to be delivered to the liver for storage [158,159]. Because there is no
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retinol/RBP complex in the intestinal lumen, this receptor likely helps small intestine cells not
directly accessible to vitamin A from food to obtain vitamin A from the circulation.

4. The Eye and Vitamin A

The earliest structure remotely related to an eye is the eyespot, a light sensing structure in the
green alga Chlamydomonas. Although the human eye is vastly more complex than the eyespot, and
the structures are separated by billions of years of evolutionary time, both serve a similar biological
function in perceiving light, and both depend on vitamin A (Figure 4). Despite the growing
dependence of other organs on vitamin A in evolution, the eye is still the organ most dependent on
vitamin A. For human, the eye is the organ most sensitive to vitamin A deficiency, the loss of RBP,
or the loss of STRA6 (Table 6). Given both the essential functions and toxicity of retinoids,
how the eye regulates its vitamin A uptake to obtain a sufficient but not excessive amount is still
poorly understood.

Figure 4. Comparison of two retinal-based light sensing structures: the eyespot in
Chlamydomonas reinhardtii and the human eye. The human eye depends on vitamin A
not only for light sensing for vision and the biological clock, but also for embryonic
development and for the maintenance of the cornea. Cells or structures that depend on

vitamin A are labeled in red.
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Table 6. In both mice and humans, the eye is the organ most sensitive to vitamin A
deficiency, loss of RBP, or loss of STRAG.

The Most Sensitive = The Most Sensitive The Most Severe

Organ in Mouse Organ in Human Systemic Phenotype

Vitamin A deficiency The Eye The Eye Embryonic Lethality
Loss of RBP The Eye The Eye Embryonic Lethality
Loss of STRA6 The Eye The Eye Embryonic Lethality

Nutritional blindness due to vitamin A deficiency is still a leading cause of blindness in the
world. Vitamin A deficiency can deprive the photoreceptor cells of the visual chromophore [164].
In addition, vitamin A deficiency causes the disorganization of rod photoreceptor outer segments,
degeneration of cone photoreceptor cells, and the loss of LRAT expression in the RPE [165]. If rod
and cone photoreceptor cells that sense light for vision depend on vitamin A, what about sensing
light for the biological clock, which needs to be frequently readjusted by light? An early study
using a mammalian model showed that the spectral sensitivity of the photoreceptors that mediate
light’s entrainment of the biological clock is indicative of a vitamin A-based light sensor that peaks
at 500 nm [166]. Although there was a debate on whether it might be flavin-based, recent studies
confirmed that it is vitamin A based and revealed that visual pigments in rod and cone and
melanopsin in light-sensitive ganglion cells all contribute to this light sensing function.

Vitamin A, a chemical originally used only for light sensing, is now also an essential molecule
for eye development. Retinoic acid, the acid form of vitamin A, plays critical roles in retina and eye
development [167—172]. The human eye does not develop without STRA6, the RBP receptor that
mediates vitamin A uptake [149,150,173]. STRAG6’s influence on eye development may not be
limited to its expression within the eye itself. One of the organs that expresses the highest level of
STRAG is the placenta, the maternal-fetal barrier which supplies essential nutrients for fetal
development. STRAG6 can also influence eye development by supplying retinoid to developing
embryos in general.

In addition to sensing light for vision and circadian rhythm and eye development, vitamin A also
plays crucial roles in maintaining a healthy cornea [174,175]. Without vitamin A, the cornea
develops ulceration. Corneal dryness due to vitamin A deficiency is another common cause of
human blindness. This role of vitamin A is likely related to one of vitamin A’s general functions in
epithelial maintenance and stem cell differentiation. How the cornea absorbs vitamin A
physiologically is still poorly understood.

Although human vision in a sense perfectly serves our daily needs, we are living with the
consequences of the choice of monostable pigments in evolution. If this choice helped our
ancestors survive at night, it came at surprisingly high costs. It is astonishing to realize that “every”
photon we see depends on a complex enzymatic cycle that consumes cellular energy and releases
free toxic retinoid. As we see using our cones in natural daylight or artificial light, a staggering
amount of energy is consumed, and a constant flux of toxic free retinoid is cycling between cells to
regenerate rthodopsin, which plays no role in daylight vision. In a sense, a whole range of human



60

diseases, from our vision’s high sensitivity to vitamin A deficiency to Stargardt macular dystrophy,
are the price we pay for this evolutionary choice.

5. Conclusion

For most of evolutionary history starting about 3 billion years ago, vitamin A has functioned as
a light sensor. Vitamin A-based light sensors span a wide range of absorption maxima from UV to
near infrared. This range matches the peak irradiance of sunlight on earth’s surface, the dominant
light source in evolution that determines the “visible” light for fish in deep sea or human beings.
The major changes during the evolution of vitamin A-based light sensors are the switch from
light-gated ion channels to light-activated G-protein coupled receptors and the switch from bistable
pigments to monostable pigments for vision. Vitamin A’s biological functions have also been
tremendously expanded to include its crucial roles in regulating cell growth and differentiation
from embryogenesis to adulthood. The likely driving forces for the evolution of a sustained,
efficient and precise system of vitamin A transport are the high demand for vitamin A by vision
(due to monostable pigments that constantly release the chromophore in daylight), the high toxicity
associated with excess vitamin A, and the need to survive vitamin A deficiency, which is common
in the natural environments. Because an imbalance in vitamin A homeostasis is associated with
diverse human diseases including blindness and birth defects, a better understanding of how
vitamin A is transported to the right cell type in the appropriate amount will help to devise new
strategies to treat many human diseases caused by insufficient or excessive tissue retinoid levels or
to use retinoids as therapeutic agents.
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The Role of Lutein in Eye-Related Disease

Keyvan Koushan, Raluca Rusovici, Wenhua Li, Lee R. Ferguson and Kakarla V. Chalam

Abstract: The lens and retina of the human eye are exposed constantly to light and oxygen. n situ
phototransduction and oxidative phosphorylation within photoreceptors produces a high level of
phototoxic and oxidative related stress. Within the eye, the carotenoids lutein and zeaxanthin are
present in high concentrations in contrast to other human tissues. We discuss the role of lutein and
zeaxanthin in ameliorating light and oxygen damage, and preventing age-related cellular and tissue
deterioration in the eye. Epidemiologic research shows an inverse association between levels of
lutein and zeaxanthin in eye tissues and age related degenerative diseases such as macular
degeneration (AMD) and cataracts. We examine the role of these carotenoids as blockers of blue-
light damage and quenchers of oxygen free radicals. This article provides a review of possible
mechanisms of lutein action at a cellular and molecular level. Our review offers insight into current
clinical trials and experimental animal studies involving lutein, and possible role of nutritional
intervention in common ocular diseases that cause blindness.

Reprinted from Nutrients. Cite as: Koushan, K.; Rusovici, R.; Li, W.; Ferguson, L.R.; Chalam, K.V.
The Role of Lutein in Eye-Related Disease. Nutrients 2013, 5, 1823-1839.

1. Introduction

Lutein belongs to the xanthophyll family of carotenoids, which are synthesized within dark
green leafy plants, such as spinach and kale [1,2]. On average, Americans consume a daily intake
of 1.7 mg lutein [3]. The purified crystalline form of lutein has been generally recognized as being
safe for supplementation into foods and beverages [4]. Lutein is absorbed with fat in the
gastrointestinal system and transported via lipoproteins. Apolipoprotein E is involved in the
transport of lutein in serum [5], with transference being facilitated primarily by High Density
Lipoproteins (HDLs) (52%) and Low Density Lipoproteins (LDLs) (22%) [6] In the presence of
cholesterol, lutein segregates out from saturated lipid regions (liquid-ordered phase) on cell
membranes and accumulate into unsaturated phospholipids in order to form carotenoid-rich
domains [7] Tissue specific lutein concentrations are dependent on dietary intake [8,9]. Following
dietary ingestion, lutein concentrations of approximately 0.2 uM circulates throughout the body to
target tissue sites such as the retina where they are incorporated and serve a functional role in
maintenance of tissue homeostasis [3].

In the primate eye lutein, along with zeaxanthin and its isomer meso-zeaxanthin, represent the
primary pigment molecule distributed within the macula [6,10]. Lutein and its stereoisomer
zeaxanthin are distinguished from other carotenoid compounds based on the chemical composition
of hydroxyl group attachments to their structures [11,12]. These macular pigment compounds,
which are responsible for the yellow hue of the macula lutea are concentrated in the outer and inner
plexiform layers [13,14] as well as in rod outer segment within the macula [15]. Lutein varies in its
distribution in the eye. It is found in higher amounts within the peripheral retina, RPE, choroid and
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ciliary body, while demonstrating small concentrations in the iris and lens [16,17]. Dietary
concentrations between 6 and 20 mg per day of lutein have been associated with a reduced risk of
ocular disorders such as cataracts and age-related macular degeneration [18,19]. The effects of
lutein and other antioxidants in mitigating early onset age related ocular and neurological diseases
have been well documented [20-23]. Macular pigments such as lutein have biochemical
significance to ocular health by averting disease onset as well as sustaining visual functionality.

2. Structure and Biochemistry of Lutein
2.1. Lutein in the Retina

In terms of tissue concentrations, the presence of lutein and zeaxanthin in the retina represent
the highest seen among any other human tissue type. Despite this apparent abundance, the
distribution of these carotenoids in the retina is not uniform. In the human fovea, lutein is found in
lower quantities relative to zeaxanthin by a ratio of approximate 1:2 [24,25]. In general, the relative
amounts of the retinal carotenoids decrease as the point of reference travels farther away from the
fovea. This ultimately leads to a ratio amount of 2:1 between lutein and zeaxanthin in the peripheral
retina (Figure 1). Moreover, the overall macular pigment optical density for both carotenoids
decreases 100 fold in the periphery in comparison to the foveal region [26-30].

Figure 1. Schematic representation of the ratio of lutein to zeaxanthin in central and

peripheral retina; L: lutein; Z: zeaxanthin.

Macular pigment density represents an indirect measure of the amount of lutein present in the
body [31-33]. There are several methodologies available that provide some level of quantification
of macular pigment density in the retina. Analytical techniques such as heterochromatic
flicker [34], fundus reflectometry [35], lipofuscin autofluorescencespectrometry, Resonance Raman
Spectroscopy [36], and high performance liquid chromatography (HPLC) [37] provide methods to
determine optical density of lutein and other macular pigments. A fairly novel methodology, in vivo
snapshot hyperspectral imaging with non-negative matrix factorization, analyzes hyperspectral
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signatures from macular pigments as a means to distinguish biochemical components unique to
individual pigment molecules [38].

2.2. Role of Lutein in Prevention of Hypoxia-Induced Cell Damage in the Eye

Free radicals, as defined by the presence of one or more unpaired electrons in an atom or groups
of atoms, come in many different forms. The most common type of free radical in biological
system is the reactive oxygen species (ROS). ROS such as singlet oxygen species are generated in
the retina because of oxygen consumption as well as high energy photon light conversion into
electrochemical signaling [39-44]. ROS generated in the retina are believed to be the byproducts of
extramitochondrial oxidative phosphorylation in the rod outer segment [44,45]. The accumulation
of oxygen radicals and lipid peroxidation, resulting from increased retinal oxygen utilization, has
been postulated as a mechanism for photoreceptor apoptosis. Oxidative damage occurring in the
rod outer segment causes the release of extra-mitochondrial components like cytochrome ¢, which
initiates apoptosis via caspase 9 activation. One of the major protective roles lutein has in the retina
is to serve as an oxygen free radical scavenger during oxidative stress conditions. The ability of
lutein to provide effective removal of free radicals, such as singlet oxygen particles, is primarily
governed by the chemical structure of two hydroxyl groups acting as strong sinks for reactive
oxygen species (Figure 2) [46-48]. Xanthophylls and carotenes are considered the most efficient
singlet oxygen scavengers among the carotenoid families [49,50]. The difference in the singlet
oxygen extinguishing efficiency primarily relates to the number of double bonds present in the
carotenoids. Carotenoids with greater amounts of double bonds are better able to lower their triplet
energy state. As a result, molecules such as lycopene, 3-carotene, zeaxanthin, cryptoxanthin, and a-
carotene can achieve triplet states that facilitate energy transfer with singlet oxygen species. The
effective dose (ED50) value of lutein as a free radical scavenger is 0.7 uM. In addition, lutein
selectively absorbs blue light, due to its peak absorption spectrum of 446 nm. Blue light produces
more light induced damage (100-fold) than orange light, depending on the exposure time. As a
consequence of its filtering capabilities, lutein is effective in preventing photoreceptor damage
produced by blue light (Figure 3) [51].

Figure 2. Chemical structures of lutein and zeaxanthin.
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Figure 3. Proposed mechanisms for the protective role of lutein against cellular
damage. Lutein reduces the amount of blue light that reaches the photoreceptors. In
addition, lutein directly scavenges the reactive oxygen species, thereby preventing them
from damaging DNA and protein molecules.

Phototransduction

Blue Light
cascade

02 Mitochondrial

%holylation

Reactive Oxygen
Species

Several in vivo and in vitro studies have investigated the pharmacokinetic properties of lutein
and zeaxanthin as well as the effects xanthophyll supplementation has on prevention of cellular
damage due to photochemical and oxidative stress. Snodderly demonstrated that supplementation of
cynomolgus and squirrel monkeys with lutein and zeaxanthin resulted in an increase in the plasma
concentration of carotenoids [52]. Another study showed serum levels of zeaxanthin in rhesus
monkeys can be raised by supplementation with the carotenoids from an extract of Fructus lycii [53].
Some studies have demonstrated reversal of lifelong absence of xanthophylls in primates with lutein
supplementation, and subsequent amelioration of acute blue-light photochemical damage [39,54-56].
In retinal pigment epithelial cells, fed native or UV-irradiated photoreceptor outer segments and
cultured in 40% oxygen, lutein significantly reduced lipofuscin formation [57,58]. In RGC-5 rat
ganglion cell lines, lutein treatment prevented cellular death following oxidative damage via H20a.
Similar results were obtained in immortalized Miiller cells [59,60].

3. Role of Lutein in Age-Related Macular Degeneration (AMD)

The macula lutea is located in the central and posterior portion of the retina and possesses the
highest concentration of photoreceptors, which are responsible for central vision and high-
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resolution visual acuity. It is a circular area 5-6 mm in diameter that possesses a characteristic
yellow pigment that is made up entirely of lutein and zeaxanthin.

Light-induced retinal damage depends largely on the wavelength, exposure time, and intensity
of light. For instance, the blue light (440 nm) requires 100 times less intensity to cause damage
than orange light (590 nm). The presence of carotenoids in the macula capable of absorbing light of
the blue range wavelength would indicate that they serve a protective function. Specifically lutein
appears to play a specific role as a photoprotective agent, effectively screening out the damaging
blue light from causing excessive damage on the photoreceptors.

AMD is a degenerative process of the macula and is the principle cause of blindness among
people age 65 and older in Western countries. AMD can be classified into two categories: non-
exudative (or dry) and exudative (or wet) AMD. The former is characterized by accumulation of
soft drusen caused by photo-oxidative damage and de-pigmentation of the retinal pigment
epithelium. The latter is characterized by neovascularization of the macula, and accumulation of
scar tissue.

AMD is a multifactorial disease. Among the important risk factors for AMD are age, genetic
susceptibility, sunlight exposure, cigarette smoking, and poor nutritional status.

Combined with the fact that lutein and zeaxanthin are the only carotenoids found in the macula
and comprise the macular pigment, this suggests that the observed protective effects of high fruit
and vegetable intake may be due primarily to lutein and zeaxanthin intake.

3.1. Experimental Studies

The mechanism by which lutein is transported from blood to RPE and photoreceptors is not well
known. It is shown, however, that when lutein and other anti-oxidants (zeaxanthin, lycopene, or
a-tocopherol) are added to rabbit and bovine RPE cells under normobaric hyperoxia, formation of
lipofuscin is significantly reduced in these cells [61].

A large case-control genetic study on French and North American patients with and without
AMD analyzed single nucleotide polymorphism (SNP) rs5888 of the SCARBI1 gene, coding for
SRBI, which is involved in the lipid and lutein pathways. To investigate whether this SNP
polymorphism has an association with AMD, the investigators identified AMD and control subjects
who did not carry two known genetic variations associated with AMD (ARMS2 and CHF). They
showed that in French and pooled populations (French and North American) without these known
mutations, there is a strong association between AMD and SCARB1 gene. Additionally, Subgroup
analysis in exudative forms of AMD revealed a pooled OR of 3.6 for individuals heterozygous for
rs5888 [62].

Laser-induced choroidal neovascularization (CNV) is widely used in animal models for
studying diseases that are associated with CNV, including Age-related Macular Degeneration
(AMD). Choroidal vessels invade the subretinal space after photocoagulation in mice. In one study
lutein was administered with 0.1% di-methyl sulfoxide (DMSO) as a vehicle daily for 3 days
(1, 10, or 100 mg/kg body weight). Lutein significantly inhibited IFK-B-degradation at 4 h in the
murine RPE-choroid complex in a dose-dependent fashion. In contrast, lutein administration in
mice for 4 days did not affect IFK-B levels in the RPE-choroid. Mice treated with DHMEQ, an
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inhibitor of NFK-f nuclear translocation, at the dose of 0.5, 1, or 5 mg/kg showed a significant and
dose-dependent decrease in the index of CNV volume compared with vehicle-treated mice [63].

3.2. Epidemiological and Clinical Studies

In the late 1980s, a cross-sectional sample from the National Health and Nutritional
Examination Survey (NHANES) was used to show that diets high in fruits and vegetables were
inversely associated with AMD [64]. Such diets are also high in many carotenoids, including
lutein, suggesting that dietary carotenoids may play a role in reducing the risk of AMD [65].

The first epidemiological study to show a direct relationship between lutein intake and AMD
risk was reported by Seddon et al. in 1994 [18]. Among the specific carotenoids, lutein and
zeaxanthin were most strongly associated with decreased AMD risk (57% lower risk for highest
quintile of lutein intake). Consistent with this finding was the inverse association between intake of
spinach and collard greens, two foods richest in lutein and zeaxanthin, and AMD risk. This was the
first study to indicate that individuals deficient in lutein intake may be at higher risk for AMD.

In 1992, the Eye Disease Case-Control Study Group showed that total serum carotenoids (lutein,
zeaxanthin, fB-carotene, a-carotene, cryptoxanthin and lycopene) were inversely related to AMD
risk [66]. Further analysis showed that prevalence of AMD among those in this sample with highest
total serum carotenoid concentration was 66% lower than those with the lowest levels. These
studies helped provide a basis for the hypothesis that dietary carotenoids may have a protective
effect against AMD.

Other observational studies have demonstrated a relationship between lutein and other related
outcomes of eye health. A group from the University of New Hampshire examined the relation
between serum lutein, lutein intake and macular pigment density (MPD) in a group of 278 healthy
volunteers [67]. Their analysis revealed that both serum lutein and dietary lutein significantly
correlate with MPD in a positive manner-the higher the level in serum or in the diet, the higher the
MPD. These results are consistent with previous observational studies showing a protective effect
of serum and dietary lutein against AMD [18,66], and suggest that dietary sources of lutein can
influence the amount of lutein deposited in eye tissues.

A revolutionary technique known as Resonance Raman Spectroscopy was used in another
observational study to correlate the use of lutein supplements with Macular Pigment Density
(MPD) in AMD patients [68]. In a group of age-matched AMD patients and controls, the average
MPD was significantly lower in AMD patients compared to controls as long as the subjects were
not consuming high-dose lutein supplements. MPD, however, was significantly higher (in the
normal range) in AMD patients consuming a lutein supplement (>4 mg per day) relative to those
not receiving the supplement. This study showed that lutein supplementation is associated with
increased macular pigmentation and suggests that supplementation may contribute to maintaining
eye health.

In another study on enucleated eyes, the investigators obtained donor eyes from AMD patients
and control subjects, and measured the actual concentrations of lutein and zeaxanthin in the central
regions of the retina (area including and surrounding the macula). Within the inner region (area
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most closely surrounding the macula), those subjects possessing the highest concentration of lutein
were 82% less likely to have AMD relative to those with the lowest concentration [27].

A placebo-controlled, double-masked parallel group study (LISA: Lutein Intervention Study
Austria), 126 patients with AMD were randomized into two groups: supplementation with Lutein
or placebo for 6 months. Lutein supplementation was found to significantly increase MPOD
(Macular Pigment Optical Density), but it showed no effect on macular function (as assessed by
microperimetry) or visual acuity [69].

Lutein supplementation has also been shown to improve multifocal electroretingram (mfERG)
response in AMD patients. Ma ef al. have recently randomized 108 AMD patients to receive
10 mg/day lutein (n = 27), 20 mg/day lutein (n = 27), 10 mg/day lutein plus 10 mg/day zeaxanthin
(n = 27), or placebo (n = 27) for 48 weeks. Their results showed that mfERM responses
significantly improved for the 20 mg lutein group and for the lutein and zeaxanthin group. They
also showed that macular pigment optical density also improved in all treatment groups [19,21].

Age-Related Eye Disease Study 2 (AREDS2) is a randomized, placebo-controlled, multicenter
study designed to determine whether supplementation with 10 mg of lutein and 2 mg of zeaxanthin
per day can slow the rate of progression of age-related macular degeneration (AMD) in persons
aged 50 to 85 with bilateral intermediate AMD or advanced AMD in 1 eye. All subjects are
randomly assigned to placebo (n = 1012), Lutein/zeaxanthin (10 mg/2 mg; n = 1044), ®-3 long-
chain polyunsaturated fatty acids (LCPUFAs; n = 1069), or the combination of Lutein/zeaxanthin
and -3 LCPUFAs (n = 1078). All participants are also offered a secondary randomization to 1 of 4
variations of the original AREDS formulations [70]. The results of this study are not published yet.
One of the later reports of the original AREDS study, however, has showed that higher dietary
intake of lutein/zeaxanthin was independently associated with reduced likelihood of having
neovascular AMD, geographic atrophy, and large or extensive intermediate drusen [71].

4. Lutein Role in Diabetic Retinopathy
4.1. Experimental Studies

Diabetic retinopathy in animal models can be induced using streptozocin, a compound that
destroys pancreatic insulin-producing P cells. Mice with diabetes show a significant decrease in
body weight and a significant increase in blood glucose. As a consequence, retinal ganglion cells
and amacrine cells in the inner nuclear layer (INL) undergo apoptosis in this animal model. Results
show that lutein prevents reactive oxygen species formation in these diabetic mice and rats.
Reactive oxygen species (ROS) in the retina were measured using dihydroethidium and visual
function was evaluated by electroretinograms. The decreased amplitude of the oscillatory potentials
in the diabetic mice was reversed by administration of lutein [72,73].

4.2. Epidemiological and Clinical Studies

The role of lutein in diabetic retinopathy has not been well studied in human subjects. Only one
prospective study on patients with non-proliferative diabetic retinopathy by Hu et al. showed that
the serum concentration of lutein and zeaxanthin is significantly lower in these patients compared
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to normal subjects. Their results also suggest that lutein and zeaxanthin supplementation in these
patients lead to improvement of visual acuity and decrease in foveal thickness [73]. Their study
suggests that lutein and zeaxanthin supplementation may potentially be used as therapeutic agents
in treating non-proliferative diabetic retinopathy.

5. Lutein in Retinal Detachment
5.1. Experimental Studies

Retinal detachment was established by subretinal injections of 1.4% sodium hyaluronate in
Sprague-Dawley rats. Retinal detachment is traditionally associated with severe photoreceptor cell
death. When lutein was given shortly after induction of retinal detachment, it prevented apoptsis of
the cells in the outer nuclear layer [74].

5.2. Clinical Studies

Only one study has found high levels of lutein and retinol in the subretinal fluid of a retinal
detachment patient. The study found very little B-carotene in subretinal fluid. Lutein was the major
carotenoid peak in subretinal fluid (41.4 £ 14.1 ng/mL). The authors suggested that the high
proportion of lutein and very low amount of B-carotene in the subretinal fluid support the
occurrence of a highly selective transport mechanism of lutein from the blood to the retina [75].

5.3. Lutein in the Lens

Lutein and zeaxanthin are the only carotenoids present in the crystalline lens [76,77]. Cataract
is the opacification of the crystalline lens and is caused by precipitation of lens proteins.
The development of cataract is facilitated by oxidative damage and often results in impaired vision
or blindness.

5.4. Experimental Studies

Lutein reduces fullerol-mediated phototoxic damage of the lens proteins and DNA in human
lens epithelial cells in cell culture models. This protective effect is likely due to lutein’s antioxidant
properties. Other natural antioxidants (N-acetyl-L-cysteine nor L-ascorbic acid), however, did not
provide any protection for human lens epithelial cells [78].

Animal studies have shown that lutein treatment slows the development and progression of
cataracts in diabetic rats (more rats—10 out of 16—presented with clear lenses if treated with
lutein vs. the non-treated diabetic group). Lipid peroxidation is significantly increased in diabetic
lens (up to three-fold) and is reduced by lutein administration in this rat model [3,26,79,80]. In
human lens cells, lutein supplementation increases GSH levels which protect against oxidative stress.
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5.5. Epidemiological and Clinical Studies

The Carotenoids in Age-Related Eye Disease Study, an ancillary study of the Women’s Health
Initiative Study showed that women in the highest quintile category of diet or serum levels of lutein
and zeaxanthin were 32% less likely to have nuclear cataracts as compared with those in the lowest
quintile category [81]. A cross-sectional study of 376 subjects found an inverse relationship
between lens optical density (LOD) and MPOD, suggesting that lutein and zeaxanthin may retard
aging of the lens [82]. An ancillary study of the Nurses’ Health Study cohort on the effect of
nutrition on development of age-related cataracts found that the prevalence of nuclear opacification
was significantly lower in the highest nutrient intake quintile category relative to the lowest quintile
category for vitamin C, vitamin E, riboflavin, folate, beta-carotene, and lutein/zeaxanthin.
However, after adjustment for other nutrients, only vitamin C intake remained significantly
associated (p = 0.003) with the prevalence of nuclear opacities. The prevalence of nuclear cataracts
was significantly lower (p < 0.001) in the highest vitamin C intake quintile category relative to the
lowest quintile category [83].

6. Lutein and the Uvea

Uveitis, a common ophthalmic disorder, is responsible for approximately 10% of blindness
in western countries [84,85]. It may be caused by autoimmune disorders, infections or exposure
to toxins.

6.1. Experimental Studies

Reactive oxygen species (ROS) play an important role in mediating the inflammatory signals
induced by lipopolysaccharides (LPS). It is suggested that natural antioxidants exert protective
effects on the LPS-induced uveitis [86].

In an LPS-induced uveitis mice model, oral administration of lutein (125 and 500 mg/kg/day for
five days) reduced the nitric oxide level in eye tissues [87]. The same study showed that lutein
decreased the malondialdehyde content, increased the oxygen radical absorbance capacity level,
glutathione, the vitamin C contents and total superoxide dismutase (SOD) and glutathione
peroxidase (GPx) activities and further increased expressions of copper-zinc SOD, manganese
SOD and GPx mRNA. Hence the antioxidant properties of lutein contributed to the protection
against LPS-induced uveitis, partially through interfering with the inflammatory process.

Multiple animal studies on the neuroprotective effects of lutein against retinal neural damage
caused by inflammation in endotoxin-induced uveitis (EIU) [59,88] have shown that the lutein has
a dose-dependent anti-inflammatory effect on EIU. The possible mechanism for this effect of lutein
may depend on its ability to inhibit the activation of NF-kB and the subsequent inhibition of
pro-inflammatory mediators.
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6.2. Epidemiological and Clinical Studies

Clinical administration of lutein for prevention or treatment of diseases of the uvea (including
uveitis and CNV) has not been reported.

7. Lutein Supplementation

Since lutein is completely insoluble in water, its incorporation into carrier systems has been
studied to optimize its nutritional delivery method. Traditionally, Iutein is dissolved in an organic
solvent and nano-assemblies are obtained by emulsion—solvent evaporation, associating lutein with
the amphiphilic cyclodextrin C4:7 at 1:6 molar ratio in aqueous medium. The nano-assemblies
allow increased carotenoid solubility in water compared to carotenoid by itself.

It has been suggested that 6 mg of lutein per day, either through diet or using supplements is
likely effective in reducing the risk of cataracts and AMD. Although the optimal dose for Iutein
supplementation has not been established yet, the most common dose in commercial products is
10 mg/day. Lutein is found in many natural products including broccoli, spinach, kale, corn, orange
pepper, kiwi fruit, grapes, orange juice, zucchini, and squash. There is 44 mg of lutein per cup of
cooked kale, 26 mg/cup of cooked spinach, and 3 mg/cup of broccoli [89]. Toxicity of dietary
intake of lutein (supplemental 35 mg per day) has been studied in rats and results show no serious
adverse effects [90].

8. Discussion and Conclusions

There are several epidemiological studies that link lutein supplementation with decreased risk of
AMD. Lutein supplementation has also been positively linked to increased macular pigment
density and improved multifocal electroretingram responses. Building on the findings of the
original Age-Related Eye Disease Study, the AREDS2 study is further investigating whether
supplementation with lutein and zeaxanthin, in addition to original AREDS formula, would add
additional benefit in improving AMD outcomes. Lutein has a significant role in protecting against
AMD, most likely through its absorption of the harmful blue light, as well as its inherent
antioxidant properties.

The role of lutein in protecting against diabetic retinopathy is not as well established as it is the
case for AMD. Serum levels of lutein has been shown to be lower in NPDR patients and lutein
supplementation has been shown to improve NPDR [73]. The antioxidant properties of lutein
would likely explain its protective function in diabetic retinopathy. Further epidemiologic studies
are needed to establish a stronger link between lutein and improvement of diabetic retinopathy.

Several lines of evidence have also suggested a protective role for lutein in the development of
nuclear sclerosis cataracts. Considering that oxidative damage of lens proteins plays a major role in
development of cataracts, anti-oxidative functions of lutein explain its likely role in slowing the
formation of cataracts.

There are weaker lines of evidence to suggest protective roles for lutein against uveitis, and its
possible role in the pathogenesis of retinal detachment. Further studies are needed to clarify
whether lutein has a role in these ocular diseases.
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In conclusion, the antioxidant, anti-inflammatory and blue light-absorptive properties of lutein

provide its many protective roles in various ocular diseases especially AMD and cataracts. Lutein

has become known as the “eye vitamin” and its dietary intake is important in maintaining its

concentration in human lens and retina.
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Dietary Sources of Lutein and Zeaxanthin Carotenoids and
Their Role in Eye Health

El-Sayed M. Abdel-Aal, Humayoun Akhtar, Khalid Zaheer and Rashida Ali

Abstract: The eye is a major sensory organ that requires special care for a healthy and productive
lifestyle. Numerous studies have identified lutein and zeaxanthin to be essential components for
eye health. Lutein and zeaxanthin are carotenoid pigments that impart yellow or orange color to
various common foods such as cantaloupe, pasta, corn, carrots, orange/yellow peppers, fish, salmon
and eggs. Their role in human health, in particular the health of the eye, is well established from
epidemiological, clinical and interventional studies. They constitute the main pigments found in the
yellow spot of the human retina which protect the macula from damage by blue light, improve
visual acuity and scavenge harmful reactive oxygen species. They have also been linked with
reduced risk of age-related macular degeneration (AMD) and cataracts. Research over the past
decade has focused on the development of carotenoid-rich foods to boost their intake especially in
the elderly population. The aim of this article is to review recent scientific evidences supporting the
benefits of lutein and zexanthin in preventing the onset of two major age-related eye diseases with
diets rich in these carotenoids. The review also lists major dietary sources of lutein and zeaxanthin
and refers to newly developed foods, daily intake, bioavailability and physiological effects in relation
to eye health. Examples of the newly developed high-lutein functional foods are also underlined.

Reprinted from Nutrients. Cite as: Abdel-Aal, E.-S.M.; Akhtar, H.; Zaheer, K.; Ali, R. Dietary
Sources of Lutein and Zeaxanthin Carotenoids and Their Role in Eye Health. Nutrients 2013, 5,
1169-1185.

1. Introduction

Nutrition plays a vital role in human health with no exception to the eye. Healthy eyes provide
good vision, which is essential for an enjoyable and productive lifestyle. There is a growing global
concern about eye health related issues. To address these issues the World Health Organization
(WHO) report on visual impairment in 2010 identifies the principal causes of visual impairment as
follows: uncorrected refractive errors (43%), cataracts (33%), glaucoma (2%), age-related macular
degeneration (AMD) (1%), diabetic retinopathy (1%) and about 18% are of undetermined nature [1].
The report also lists the three major causes of blindness as cataract (51%), glaucoma (8%), AMD (5%),
diabetic retinopathy (1%) and undetermined causes (21%). Cataract is the principal cause of blindness
among people over 40 years of age predominantly in developing countries due to improper nutrition
(e.g., lack of carotenoids in diet), infectious diseases [2]. AMD, on the other hand, is the leading
cause of legal blindness with limited treatment options in people over 65 years of age in industrial
countries, and costs many billions of dollars worldwide [2]. There are two types of AMD—dry
(atrophic) and wet (neovascular or exudative). In most cases AMD starts as “Dry”, which then
progresses slowly in approximately 20% cases to “Wet” stage. There is no known treatment for dry
AMD. The wet AMD is responsible for almost 90% of the severe cases of blindness [3]. The
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prevalence of AMD is estimated to be a one-third increase in UK [4] and a 50% increase in USA
by 2020 [5]. A similar estimate is also reported for Australia [6]. Both disecases are expected to
sharply increase in the elderly population within the next 10—15 years. The Vision 2020, a global
initiative for the elimination of avoidable blindness in partnership between WHO and International
Agency for the Prevention of Blindness [IAPB] projects blindness due to cataracts alone in elderly
to reach 40 million globally by 2025 [7]. It is clear that AMD and cataract incidences will continue
to rise substantially in the coming years causing a great impact on health care. This requires global
collective efforts to develop strategies for the prevention of the two most important common age-
related diseases with appropriate diets/supplements. Several high-lutein functional foods that would
be useful in developing such preventive strategies are discussed in the current article.

Oxidative stress, aging and smoking are known to cause cataract and AMD [8,9]. A typical US
diet contains 1-3 mg/day of lutein and zeaxanthin, while ~6 mg/day have been related to decrease
risk of AMD [8]. Lutein and zeaxanthin have been associated with reduced risk of cataract
development and AMD [10]. A longitudinal study has shown that plasma zeaxanthin reduces the
risk of cataract [11]. Hence lutein and zeaxanthin, both potent antioxidants, are very important to
retard the onset of both cataract and AMD [12]. Additional sources of lutein and zeaxanthin either
in the food form or dietary supplements would enhance their intake on regular basis. There are also
reports that do not support the protective role of dietary lutein and zeaxanthin against cataracts [13]
and AMD [14]. Recently an article that traces the modern history of lutein and zeaxanthin in health
and diseases of retina identified four areas for further investigation: (i) ultra-structural localization
of xanthophyll affected proteins in the retina, (ii) genetic analysis-genotyping efforts, (iii) model
system for the metabolism of lutein and zeaxanthin and (iv) integrated system based approaches to
trace the fate of lutein and zeaxanthin, its precursor(s) and metabolites [15].

This review article mainly focuses on lutein and zeaxanthin carotenoids in terms of their
sources of common and newly developed foods, daily intake, bioavailability and physiological
effects in relation to eye health. Examples of the newly developed high-lutein functional foods are
underlined as well.

2. Lutein and Zeaxanthin Carotenoids
2.1. Chemistry

Lutein and zeaxanthin are relatively polar carotenoid pigments found at high levels in parsley,
spinach, kale, egg yolk and lutein-fortified foods. They have demonstrated several beneficial health
effects due to their ability to act as scavengers for reactive oxygen species and to bind with
physiological proteins in humans [16]. In general, carotenoids are tetra-terpenoid having 40 carbon
skeleton made up of 8 isoprene units and comprise of two classes, namely carotenes (purely
unsaturated hydrocarbons) and carotenoids with oxygen atoms which are referred to as oxygenated
carotenoids or xanthophyll carotenoids. The macular carotenoids are dietary lutein and zeaxanthin,
and their conversion isomer meso-zeaxanthin, which are non-provitamin A carotenoids, (i.e., it
cannot be converted into vitamin A). Important members of oxygenated carotenoids are lutein,
zeaxanthin, B-cryptoxanthin, capsanthin, astaxanthin, and fucoxanthin. Figure 1 lists the chemical
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structure of the macular pigments found in the retina. It is estimated that about 90% of the total
carotenoids in North American diets consist of lycopene, f-carotene, a-carotene, lutein, B-cryptoxanthin
and zeaxanthin [17]. In nature more than 600 carotenoids have been isolated and characterized, yet
only about 40 carotenoids have been detected in human milk, serum and tissues. Percentage of
main carotenoids inhuman serum is lutein (20%), lycopene (20%), B-carotene (10%); B-cryptoxanthin
(8%), a-carotene (6%) and zeaxanthin (3%) [18,19]. Lutein and zeaxanthin are the main dietary
carotenoids found in human retina [20] and they protect the macula from damage by blue light,
improve visual acuity and scavenge harmful reactive oxygen. Lutein and zeaxanthin along with
their common metabolite meso-zeaxanthin, commonly referred to as macular pigments (MP) [21].
The ratio between lutein, zeaxanthin and meso-zeaxanthin changes as the eccentricity moves away
from fovea [21-23]. Although lutein and zeaxanthin were also detected in prenatal eyes, they did
not form visible yellow spot. No age-related (between the ages of 3 and 95 years) differences were
observed in the quantity of lutein and zeaxanthin [21]. But, the ratio of lutein to zeaxanthin differed
between infants and adults. In infants, lutein predominates over zeaxanthin in fovea, and the
opposite is true after 3 years of age [21,24]. Structurally the difference between lutein and
zeaxanthin is in the type of ionone ring, lutein contains a fB-ionone ring and a e-ionone ring,
whereas zeaxanthin has two [-ionone rings. Lutein and zeaxanthin are isomers, but not
stereoisomers, which differ in the location of a double bond unsaturation in the end ring (Figure 1).
Lutein can exist in possible eight stereoisomeric forms because of three chiral centers, but in nature
it exists mainly in Z (cis)-form (R,R,R). Zeaxanthin, on the other hand, has two chiral centers but,
because of symmetry exists only in 3-stereoisomeric forms (R,R), (S,S) and (R,S-meso) (Figure 1).

Figure 1. Chemical structures of macula pigments in retina.

[(3R,3'S; meso)-Zeaxanthin]
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2.2. Dietary Sources

Lutein and zeaxanthin are the most common xanthophylls in green leafy vegetables (e.g., kale,
spinach, broccoli, peas and lettuce) and egg yolks [25] (Table 1). They are also found at relatively
high levels in einkorn, Khorasan and durum wheat and corn and their food products [26-29] (Table 1).
The ratio of lutein and zeaxanthin in green vegetables has been reported to range between 12 to 63,
highest being in kale, while in yellow-orange fruits and vegetable this ratio ranges between 0.1 and
1.4 [30]. They also quantified small amounts of lutein and zeaxanthin in breads prepared from
modern wheat varieties, Pioneer and Catoctin, while breads prepared from green-harvested wheat,
Freekeh, an ancient grain, contained considerably large amounts of lutein and zeaxanthin compared
to the North American breads. Lutein to zeaxanthin ratio followed the order Pioneer > Catochtin >
Freekeh [30]. Chicken egg yolk is deemed a better source of lutein and zeaxanthin compared to fruits
and vegetables because of its increased bioavailability due to the high fat content in eggs [31,32].
The concentrations of lutein and zeaxanthin in chicken egg yolk are 292 + 117 pg/yolk and
213 + 85 pg/yolk (average weight of yolk is about 17-19 g), respectively and are likely dependent
on the type of feed, found mainly in on-esterified form with minute amounts of lycopene and
B-carotene [33]. It is not surprising that egg noodle had almost 6 times more xanthophyll
carotenoids than lasagne [30]. Astaxanthin and fucoxanthin are abundant in green and brown algae,
respectively, which are eaten by fish. Capsanthin is found mainly in pepper. B-Cryptoxanthin is a
pro-vitamin A and found in many fruits and vegetables, but mainly in corn, oranges, peaches,
papaya, watermelon, and egg yolk [34,35].

In general carotenoids are very minor constituents in cereal grains except for einkorn and durum
wheat and corn that contain relatively high levels of carotenoids or yellow pigments [27,29,36].
The common carotenoids in cereal grains are o and [-carotene, B-cryptoxanthin, lutein and
zeaxanthin with lutein being the dominant carotenoid compound. In common wheat flour (low in
carotenoids), the bran/gem fraction had 4-fold more lutein, 12-fold more zeaxanthin, and 2-fold
more B-cryptoxanthin than the endosperm fractions [37]. Higher amounts of lutein were found in
durum, Kamut and Khorasan (5.4-5.8 ng/g) compared with common bread and pastry wheat
(2.0-2.1 pg/g). Einkorn, on the other hand, had the highest concentration of all-frans-lutein, which
is influenced by environmental growing conditions [29] and processing [27]. Corn also contains
exceptionally high levels of non-provitamin A carotenoids primarily lutein and zeaxanthin [29,38].

2.3. Bioavailability

In order to exert and deliver their physiological effects carotenoids must be absorbed and
transported into the blood stream. In general, carotenoids are lipophilic or hydrophobic which are
soluble in fat and insoluble in aqueous media, the medium of human digestive system. Because of
the hydroxyl groups, lutein and zeaxanthin are polar compounds compared with the hydrocarbon
carotenoids (a-, B-carotene, and lycopene). Thus, a good understanding of carotenoid release,
absorption, transportation and accumulation in eye is essential to evaluate the benefits.



96

Table 1. Selected commonly consumed foods as high sources of xanthophylls (ng/g
fresh weight except for corn tortilla and chips pg/g dry matter) [25].

Food Lutein Zeaxanthin
Vegetables

Basil * 70.5 in
Parsley * 64.0-106.5 in
Spinach * 59.3-79.0 in
Kale * 48.0-114.7 -
Leek ® 36.8 in
Pea® 19.1 in
Lettuce * 10.0-47.8 -
Green pepper * 8.8 -
Broccoli * 7.1-33.0 in
Carrot * 2.5-5.1 in
Red pepper * 2.5-85.1 5.9-13.5
Eggs

Egg yolk * 3.84-13.2 -
Nuts

Pistachio * 7.7-49.0 -
Baked foods

High lutein bread ° 36.7 33
High lutein cookie ® 21.3 2.9
High lutein muffin ° 26.1 3.7
Corn tortilla 72.5 105.3
Corn chips ¢ 61.1 92.5
Grains

Corn ¢ 21.9 10.3
Einkorn wheat ¢ 7.4 0.9
Khorasan wheat ¢ 5.5 0.7
Durum wheat ¢ 5.4 0.5

Data obtained from: a, [26]; b, [27]; c, [28]; d, [29]; in = included with lutein.

The major factors that influence the absorption of carotenoids including lutein and zeaxanthin
from food include (i) nature of the food matrix, e.g., in natural format, cooked or supplement, (ii)
amount and nature of the dietary fat, which aids in the solubilisation of released carotenoids,
(iii)) phospholipids, (iv) dietary fiber, (v) nature of carotenoids [39-41]. The absorption of
carotenoid released from food include several steps (i) dispersion in the gastric emulsion to be
incorporated into lipid droplets, (ii) followed by transfer to mixed micelles involving bile salts,
biliary phospholipids, dietary lipids and others. Solubilized carotenoids are then absorbed by the
intestinal cell for transportation into blood system. These steps may include simple diffusion,
uptake by micelles and receptor mediated and other transporter, as schematically presented by
Nagao and colleagues [42,43]. The highest concentration of carotenoids in micelles (i.e.,
solubilisation), corresponds to greater absorption and transportation into plasma. In general,
bioavailability of carotenoids is affected by a number of factors including food matrix, processing



97

conditions and fat content [39,44], while the rate of bio-accessibility of carotenoids is greatly
impacted by food matrix and processing. It was observed that the in vitro rate of lutein, zeaxanthin
and B-cryptoxanthin transfer almost 100% from fruits (orange, kiwi, grapefruit and sweet potato)
compared to between 19% and 38% from spinach and broccoli, respectively [45]. The release of
carotenoids from a food matrix followed by absorption is the determining factors for delivering the
anticipated health benefits. Since carotenoids are found in a food matrix, they could be released
prior to consumption by processing and heat treatment [46]. In other words, the intestinal
absorption and metabolic transformation determine the efficacies of carotenoids including
transportation and accumulation of macula pigments (MP) in retina that leads to protection of
retina, possible prevention and/or slowing the progress of blindness.

Dietary lutein and zeaxanthin and the metabolite meso-zeaxanthin are concentrated (~25% of
the total carotenoids) in the macula region of healthy eye as a yellow spot, but considerably less in
deceased eyes [47-49]. meso-Zeaxanthin a non-dietary carotenoid is not found in serum, but only
in retina. It has been suggested that lutein and zeaxanthin are transported into retina in the same
ratio as in plasma, and then transferred to macula where lutein is preferentially converted into
meso-zeaxanthin [47-51]. These observations strongly suggest the importance of lutein, zeaxanthin
and meso-zeaxanthin in the management of good eye health [51-53]. Several studies have shown
that incidences of AMD can be reduced by consuming diets with high levels of lutein and
zeaxanthin and supplementation by increasing their concentration in serum and parallel increase in
macular pigment optical density (MPOD) [54-58]. For example, lutein supplementation over a
140-day period increased serum lutein level [55]. Similarly, consuming increased spinach and kale
in diet for a 4-week period increased the MPOD by 4%—5%. Recently, a systematic review and
meta-analysis of several longitudinal studies have concluded that lutein and zeaxanthin affect
positively in the case of late AMD but not early AMD [59]. The early or dry AMD was defined by
the presence of drusen pigment abnormalities in retina pigment epithelium (RPE) or both whereas
the late or wet AMD includes neovascular AMD and geographic atrophy by the presence of
choroidal neovascularization, detachment of RPE or geographic atrophy [59].

Concentration and nature of various carotenoids in eye (macula and retina) were established in
early 1990. In the fovea, the carotenoid concentration approaches 1 mM, and the ratio of lutein to
zeaxanthin to meso-zeaxanthin is 1:1:1 [47]. The concentration of macular carotenoids declines
over 100-fold just a few millimeters from the foveal center, and the composition ratio approaches
3:1:0 in the peripheral retina (around 21 mm) i.e., lutein concentration is considerably higher with
no zeaxanthin in peripheral retina [47,50,60]. The exclusiveness (>80% of total carotenoids) of lutein
and zeaxanthin in retina from among 40 carotenoids found in serum is unique and intriguing since
the presence of about 20%-25% of total carotenoids in human plasma cannot account for by
routine transportation systems [61,62]. In general, carotenoids are transported mainly by low-density
lipoprotein (LDL, 55%), followed by high-density lipoprotein (HDL, 33%) and very low density
lipoprotein (VLDL, 10% to 19%) and others [63]. However, lutein and zeaxanthin are distributed
equally in LDL and HDL, with more infinity towards HDL [64]. These data suggest that
lipoprotein profile of serum would play important role in transport and concentration of lutein and
zeaxanthin in retina and MPOD. A study reported negative relationship between serum
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triglycerides and MP, and no relations between MPOD and HDL and LDL [65]. The authors also
observed lower than the normal serum lutein and zeaxanthin levels. On the other hand, another
study found positive relationships between serum lutein and zeaxanthin with total cholesterol and
HDL, inversely related to triacylglycerols, but none with LDL [58]. A most recent cross-sectional
study observed that serum lutein and zeaxanthin and lipoprotein concentrations are significantly
related [66]. The study concludes that changing lipoprotein concentrations may impact retinal
lutein and zeaxanthin levels. Evidences for HDL primary role in the transport of Iutein and
zeaxanthin were provided when it was reported that feeding high lutein diet to the Wisconsin
Hypoalpha Mutant Chicken deficient in HDL increased lutein concentration significantly in various
tissues/organ except in retina [67]. Egg, a rich source of lutein and zeaxanthin, is an integral part of
the American diet, but with continued concerns for increasing serum lipids and lipoproteins
concentrations. A randomized cross-over design study involving 33 men and women consuming 1
egg per day for 5 weeks reported increased serum lutein (26%), and zeaxanthin (38%), but serum
concentrations of total cholesterol, LDL cholesterol, HDL cholesterol and triacylglycerols were not
affected [68]. Most recently it was reported that daily intake of 3 eggs for 12 weeks increased the
lutein and zeaxanthin by 21% and 48%, respectively in 20 adults [69]. Thus, egg yolk could be an
important dietary source to improve lutein and zeaxanthin status for the prevention of cataracts and
AMD in adults. Similarly, a separate study with simultaneous administration of large amounts of
lutein, zeaxanthin and P-carotene affected their concentrations in plasma, tissues and retina [70].
The retinal concentration of lutein and zeaxanthin increased 128% and 116% respectively, when
fed diet with high lutein (27.2 mg/kg) and zeaxanthin (15.3 mg/kg) for 28 days compared to the
control diet with lutein (5.2 mg/kg) and zeaxanthin (1.7 mg/kg). Further, it was observed that
supplementation of B-carotene increased its value in plasma very little, and none in the other tissues
and retina. However, high supplementation of B-carotene in conjunction with high lutein and
zeaxanthin diet decreased lutein and zeaxanthin concentration in plasma, tissue and retina [70]. The
mechanism is not well understood. A recent explanatory study using a formulation consisting of all
the three MP carotenoids (7.3 mg meso-zeaxanthin, 3.7 mg lutein and 0.8 mg zeaxanthin) over an 8
week period significantly increased the serum concentration of these carotenoids as well as the
MPOD [71].

It is more likely that transportation and accumulation of lutein and zeaxanthin involve preferential
and efficacious complex-binding with other circulating proteins. Such xanthophyll-lipoprotein
complex(s) are then circulated in blood stream. It is interesting to note that blue colouration in
lobster shell has been shown to be due to the complex-binding of carotenoid (astaxanthin) with a
protein referred to as crustacyanin [72]. It would, therefore, be reasonable to explore similar
complex-binding protein(s) in humans and other vertebrates that may be responsible for
transportation of lutein and zeaxanthin to the macula. Bhosale and co-workers [73] reported that Pi
isoform of glutathione transferase protein (GSTPi) in the human macula has a greater interaction
with zeaxanthin and meso-zeaxanthin compared with lutein which has a weaker interaction.
Subsequently, these researchers also purified and identified a lutein-binding protein in the macula
of human eye labeled as StARD3 (Steroidogmic regulatory domain), also known as MNL64 [74,75].
Another team investigated the mechanism for preferential uptake of xanthophylls by retina pigment
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epithelial (RPE) cells. They reported that RPE cells preferentially take up xanthophylls than
other carotenes by SR-BI dependent-dependent process(s) to preferentially accumulate in the
macula of retina [76]. Overall, absorption and transportation of carotenoids in foods are complex
multi-step processes.

2.4. Eye Health

Considerable research has been undertaken on global level to generate new knowledge to
understand the causes, and define steps/processes to slow the onset of cataract and AMD through
diets. Evidences show that lutein and zeaxanthin are important dietary carotenoids in preventing
and reducing cataracts and AMD. A multi-center eye disease case-control study involving
five ophthalmology centers in the US showed that a higher dietary intake of carotenoids,
specifically lutein and zeaxanthin is associated with reduced AMD risk [8]. Thus, our efforts will
be limited to reviewing the existing literature on the role of dietary carotenoids in reducing the
incidences of cataract and AMD. In general, the ageing processes cause biochemical, physiological
and physical changes that are directly or indirectly responsible for the onset of many diseases
including cataract and AMD. The pathogeneses of both cataract and AMD formation are not fully
established. However, over the years research has identified major contributing factors for both
diseases. Ageing (greater than 50 years of age) seems to be the major cause in both cases. In addition,
other factors include exposure to ultraviolet light (up to around 380 nm) and blue light (400—500 nm
high energy), oxidative stress due to access of oxygen radical species, environmental factors, and
high polyunsaturated fatty acids responsible for AMD [77]. High incidences of cataract have been
linked to poverty and poor nutrition, and strict vegetarian diets lacking in antioxidants [78,79].

High macular pigment density (MPD), macular pigment optical density (MPOD) and macular
pigment (MP) have been associated with reduced AMD. There are studies that have linked
ethnicity to the development of AMD because of differences in the MPD, MPOD and MP
distribution in retina among various races. For example, Wolf-Schnurrbusch and co-workers [80]
recorded significantly higher MPD in African subjects compared to White non-Hispanic subjects
(0.59 + 0.14 DU versus 0.36 = 0.13 DU). This provides scientific explanations for previously
observed higher incidences of AMD in white non-Hispanic compared to African populations in
East Baltimore, USA. Further, a reverse trend was observed for cataracts, i.e., its incidence is
4 times higher in Blacks than White non-Hispanic subjects [81]. These observations have been
supported by several other studies that have linked lutein and zeaxanthin concentrations to the
reduction of cataracts in North Indian population [82], in older American women [83] and in
Australian population [84]. Recent studies also reported the prevalence of major eye diseases and
showed that high plasma concentrations of lutein and zeaxanthin reduced the risk of age-related
cataract in the elderly Finnish population by about 41% [85,86]. Studies involving older Europeans
from Norway, Estonia, United Kingdom, France, Italy, Greece and Spain have reported high AMD
prevalence (4% to 12%) depending on age [87]. However, studies from China, India and Korea
show a prevalence rate of around 4% [88-90]. The Beijing study [88] involved 4439 subjects over
40 years of age residing in rural and urban areas and the Korean studies had 10,449 subjects over
40 years [90]. These studies suggest less prevalence of AMD in Asians than Caucasians. In
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addition, several epidemiological studies have found a close relationship between dietary carotenoids,
more specifically the amount of lutein and zeaxanthin, and the incidences of AMD [91-93].

3. High-Lutein Functional Foods

As mentioned earlier a number of wheat species such as einkorn (ancient wheat) and durum
(pasta wheat) and corn hold a potential for developing high-lutein staple foods. These cereals were
identified as promising ingredients for the development of high-lutein functional foods based on
their relatively higher levels of lutein compared with other wheat species such as spelt, soft and
hard wheat [94,95]. Lutein content ranges from 5.4 to 7.4 pg/g in high-lutein wheat species and
about 21.9 pg/g in corn. Lutein and zeaxanthin are the major carotenoids in corn milled fractions
and account for about 70% of the total carotenoids [96]. This makes corn a promising blending
flour ingredient in the development of high-lutein functional foods.

Three wholegrain functional foods with high level of lutein (about 1 mg per 30 g serving)
were developed and evaluated in terms of lutein stability during baking process [27], lutein
digestibility in vitro using fasted and fed model [44], phenolic antioxidants [97], and antioxidant
properties [98]. The wholegrain bakery products include high-lutein flat bread, high-lutein cookie
and high-lutein muffin. Lutein was found to drop significantly during baking process (28% to 64%
loss) due to oxidation and isomerization. A number of cis-isomers were found in the three products
with 13- and 13'-cis-lutein being the dominant cis-isomers. Due to the significant losses of lutein a
fortification approach was used to boost lutein in the functional food products and to compensate
for the losses of lutein occurred during processing and/or storage. Other approaches could also be
used such as protection of lutein during processing or developing wheat and corn verities with
higher lutein content than the existing ones. Despite the significant losses of lutein during
processing, the developed fortified baked products still contain reasonable concentrations (up to 1
mg/serving) of lutein and would hold a promise as high-lutein staple functional foods.
Bioavailability of lutein in the wholegrain bread, cookie and muffin was also investigated using
fasted and fed digestion model in which food products were subjected to an in vitro simulation of
human salivary, gastric and duodenal digestion, and then followed by Caco-2 monolayer
absorption [44]. The fed model resulted in much higher estimates of bioavailability of lutein and
the higher fat products (cookie and muffin) resulted in higher overall bioavailability. Antioxidant
capacity of the products varied among the baked products subject to product type, type of bioactive
components (e.g., unbound versus bound phenolic compounds) and antioxidant assay [98]. In the
ORAC assay similar antioxidant capacities were obtained for unbound phenol extracts either from
fortified or unfortified high-lutein products, while significant differences were observed for bound
phenol extracts. Significant differences were also found between unbound and bound phenol
extracts in their ability to scavenge ABTS radical cation. In the DPPH assay lutein-fortified
products had scavenging capacities significantly higher than that of the unfortified ones. In general,
the bound phenolic extracts contribute significantly higher than the unbound phenol extracts to the
antioxidant capacity. Only the DPPH test showed the contribution of lutein to the antioxidant
capacity. The baking process was found to increase free phenolic acids in the three products, while
bound phenolic acids was decreased in bread and slightly changed in cookie and muffin products [97].
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Though the effect of baking appeared to be dependent on type of baked product, type of phenolic,
recipe and baking conditions, the wholegrain products should be considered good sources of
phenolic antioxidants.

Corn products are also rich in carotenoids primarily lutein and zeaxanthin and would be
potential candidates for making cereal-based functional foods if high carotenoids varieties are
chosen for processing. Lutein, zeaxanthin and other carotenoids in processed corn including canned
corn, corn meal, corn flour and corn flake were found to vary between the products and between
brands of the same product, but variations between lots of the same brand was small [28]. Among
five corn types including white, yellow, high-carotenoid, blue and red corns, lutein content was
highest in yellow corn (406 pg/100 g) and lowest in blue and white corns (5.2 and 5.7 pg/100 g,
respectively) [99]. Lime-cooking significantly decreased Iutein content in yellow, red and
high-carotenoid corns. Further processing into tortillas and tortilla chips did not significantly affect
lutein content except for yellow corn chips. The contents of lutein and zeaxanthin in corn tortilla
and chips made from high-carotenoid variety are presented in Table 1.

4. Conclusions

Increasing age is the dominating factor for the onset of cataracts and AMD because of
physiological and biochemical changes due to old age. Global researchers have identified lack of
lutein and zeaxanthin as dietary causes in cataract and AMD related blindness. To date large scale
prevalence studies provide serious data that conclude ethnicity may be the other major factors. But,
age, diet and ethnicity are not the only factors for cataract and AMD. Hence prevention programs
should not be solely based on these factors. Other factors such as living (geographic location) and
working environment, socio-economic standing and hitherto unidentified factors should also be
investigated. More research looking into the development of high-xanthophyll functional foods is
essential in order to develop dietary strategies for the management of cataract and AMD in
particular for elderly people.
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The Relationship between Lutein and Zeaxanthin Status and
Body Fat

Emily R. Bovier, Richard D. Lewis and Billy R. Hammond Jr.

Abstract: The objective of this project was to investigate the relationships between total and
regional distribution of body fat and tissue lutein (L) and zeaxanthin (Z) status. Healthy men and
women (N = 100; average age: 22.5 year, average BMI: 23.4 kg/m*) were evaluated. Total body
and regional fat mass were assessed by dual-energy X-ray absorptiometry (Hologic Delphi A).
Serum LZ was measured using reverse phase high-performance liquid chromatography, and retinal
LZ (referred to as macular pigment optical density; MPOD) was measured using heterochromatic
flicker photometry. Body fat percentage (total and regional) was inversely related to MPOD
(p < 0.01) but no significant relationship was found for serum LZ. Higher body fat percentage,
even within relatively healthy limits, is associated with lower tissue LZ status. The results indicate
that adiposity may affect the nutritional state of the retina. Such links may be one of the reasons
that obesity promotes age-related degenerative conditions of the retina.

Reprinted from Nutrients. Cite as: Bovier, E.R.; Lewis, R.D.; Hammond Jr., B.R. The Relationship
between Lutein and Zeaxanthin Status and Body Fat. Nutrients 2013, 5, 750-757.

1. Introduction

Lutein and zeaxanthin (LZ), two lipophilic pigments obtained exclusively from the diet, are
likely to have a constellation of health effects throughout the body. Higher tissue concentrations of
LZ have been associated with a reduced risk of acquired diseases, including cardiovascular disease,
various cancers, and age-related eye diseases [1]. LZ status can be quantified by measuring
concentrations within the serum and, unlike most nutrients, by noninvasive measurements within
tissue. For example, a variety of physical and psychophysical methods are available to directly
measure LZ concentrations within the central macular region of the human retina [2]. In the
macula, the area that contains the highest carotenoid concentrations within the body, LZ (and a
third isomeric intermediary, meso-zeaxanthin) are termed macular pigment (MP). Preliminary
evidence has shown that MP correlates with amounts of LZ in adipose tissue, which is a major
body store for LZ [3-5].

Although dietary intake is the primary driver of tissue LZ levels, the relation between diet and
the ultimate deposition of these pigments within a target tissue is moderated by a number of
factors. Hammond et al. [6] for instance, found significantly lower MP for women compared to
men, despite equivalent plasma concentrations and dietary intakes of LZ. The authors concluded
that this relative paucity in women could help explain the higher incidence of age-related eye
diseases directly associated with serum LZ and MP, such as age-related macular degeneration and
cataracts. Although males and females obviously differ across many biological dimensions, one
possible reason for the observed sex differences in MP [5-7] might be the fact that women
generally have higher body fat percentages than men. Higher levels of body fat have been shown to




110

be related to lower levels of circulating carotenoids (The reverse is likely also true. Individuals with
very low body fat (like anorexics who would then have lower capacity for adipose storage of
carotenoids) often have higher circulating carotenoid levels [8]), making these pigments less
available to retinal tissue [9]. Consistent with this interpretation, higher body fat levels, especially
when approaching obesity, have also been linked to lower levels of MP. Hammond et al. [10], for
instance, found that both men and women with body fat greater than 27% had 16% lower MP
density compared to subjects with lower body fat. One question that was not addressed by
Hammond et al. is whether the distribution of body fat (also known to differ between men and
women [5]) influences serum LZ and/or the ultimate deposition of these pigments within the retina.
Chung ef al. [11] have shown that LZ concentrations in adipose tissue differ according to body site
(e.g., levels tend to be higher in the abdomen than in the buttocks).

The primary goal of the present study was to assess the relation between LZ status (measured in
serum and retina) to total and regional fat distribution (focusing on the trunk).

2. Methods
2.1. Subjects

Male (N = 39) and female (N = 61) subjects (average age of 22.5 years; average BMI of 23.4
kg/m?) were recruited from The University of Georgia and the surrounding Athens area. Subjects
were screened for ocular health (e.g., no history of corneal disease, age-related macular
degeneration, efc.) and corrected visual acuity better than 20/60. All subjects completed informed
consent and two measures of MP (an average over the two visits was used in all subsequent
analyses) at the Vision Sciences Laboratory. Within two to four weeks, subjects completed
assessments of body composition at the UGA Bone Clinic. Serum LZ was determined for 65
subjects. Experimental procedures were approved by the Institutional Review Board of The
University of Georgia.

2.2. Assessment of LZ Status: Macular Pigment Optical Density & Serum LZ

Heterochromatic flicker photometry (HFP) was used to measure the optical density of the
macular pigments (i.e., macular pigment optical density; MPOD) [12]. This method has been
extensively validated [2,13] and is fully described by Wooten et al. [12]. Briefly, we used the
standardized CAREDs protocol [14], which involves measuring sensitivity to stimuli presented in
free-view. A target stimulus alternates in square-wave between a “blue” light maximally absorbed
by MP (460 nm) and a “green” light not absorbed by MP (540 nm). Given the differential
absorbance of “blue” light compared to “green” light, the discordance in the amount of energy that
reaches the photoreceptors is perceived as a flicker. Subjects’ thresholds were obtained by having
the subjects minimize or eliminate the perception of flicker, a condition known as sensation
luminance [15], by adjusting the radiance of the 460 nm light (while the radiance of the 540 nm
light was held constant) until the energy of the two lights were perceptually the same. Since flicker
sensitivity also differs across subjects, the flicker alternation rates were optimized for each subject
using the algorithm described in Stringham et al. [13] MPOD was measured at 15', 30’, 60’, and
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105’ retinal eccentricity in the temporal hemi-retina with a macular densitometer, manufactured by
Macular Metrics (Rehoboth, MA, USA).

Assessment of serum LZ required collection of blood into 10 mL lithium heparin coated
vacutainers (BD) by a licensed phlebotomist. Plasma was separated by centrifugation at 1500 g
for 20 min at 4 °C and then distributed into light protected Eppendorf vials tubes for storage at
—80 °C. The analysis of the blood was done by the analytical laboratories of DSM Nutritional
Products Ltd., Kaiseraugst, Switzerland. Serum LZ were quantified with a normal-phase HPLC
system after extraction with a n-hexane/chlorophorm 20% (v/v) mixture.

2.3. Assessment of Body Composition

Fat mass (g), percentage body fat, and fat-free soft tissue mass (FFST; g) were assessed using
dual-energy X-ray absorptiometry (DXA; Delphi A; S/N 70467; Hologic Inc., Bedford, MA,
USA). All scans were analyzed by the same technician with the use of Hologic software, version
11.2. Quality assurance for body composition variables was performed by calibration against a
3-step soft tissue wedge (model TBAR; SN 2275) composed of variable thicknesses of aluminum
and lucite, calibrated against stearic acid (100% fat) and water (8.6% fat). With respect to
test-retest reliability, single intraclass correlation coefficients (ICCs) were calculated from ten
females (aged 18 to 30 years) scanned twice within seven days (R > 0.87).

2.4. Statistical Analyses

Pearson-product moment correlations were conducted to determine associations between LZ
status and fat mass, percentage body fat, and FFST. Comparisons between male and female
subjects were made with independent samples #-tests. Statistical significance was set at p < 0.05.

3. Results

The descriptive data for body composition and LZ status stratified by sex are listed in Table 1.
The average MPOD at each eccentricity across the retina for the sample was 0.53 at 15
eccentricity, 0.43 at 30, 0.29 at 60, and 0.13 at 105’ eccentricity. Mean serum LZ levels (for the
truncated sample, n = 65) were 0.26 umol/L. Women had higher serum LZ than men (0.28 pmol/L
compared to 0.21 pmol/L; ¢ (63) = 2.52, p = 0.01), however, despite the absence of differences in
MPOD (see Table 1).

The average body fat percentage was approximately 26%. Women had significantly higher body
fat percentage than men (30% compared to 19%; ¢ (98) = 10.52, p < 0.01). This discrepancy in
body fat percentage between men and women was consistent for each region of the body (see Table 1).
However, with respect to the amount of fat in the trunk region relative to the rest of the body, men
accumulated a higher percentage of total body fat than women (approximately 48% compared to
43%; 1 (98) =3.53, p=0.001).
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Table 1. Means and standard deviations for body composition variables and LZ status.

Entire Sample (N = 100)

Males (N =39)

Females (N = 61)

Body Fat Percentage

Total Body 25.79 £ 7.60 18.90 + 4.89 30.19 £ 5.45
Leg 30.05 + 8.98 20.72 £ 4.86 36.01 £5.03
Trunk 23.12+7.95 17.81 £6.15 26.51+£7.09
Arm 26.15+9.80 16.44 + 4.47 32.35+6.75
Trunk Fat (Relative) * 44.86 + 6.35 47.52 +£6.41 43.17+£5.76
Body Mass (g)
Total Body 65,346 + 13,345 72,423 £12,516 60,790 + 11,853
Fat-Free Soft Tissue 48,796 £ 10,413 58,980 + 7291 42,284 + 5891
Total Body Fat 17,062 + 7090 13,847 + 6062 19,132 £ 6972
LZ Status
MPOD 15’ 0.53+0.21 0.55+0.20 0.52+0.22
MPOD 30’ 043+0.18 0.45+0.17 0.42+0.19
MPOD 60’ 0.29+0.14 0.29+0.13 0.29+0.14
MPOD 105’ 0.13+0.09 0.14+0.09 0.12+0.09
Serum LZ° 0.26+0.12 0.21 £0.07 028 +0.14

Refers to the percentage of total body fat in the trunk region; ® N = 65 (39 Females, 26 Males).

Figure 1 illustrates the significant inverse relationship between total body fat percentage and
MPOD at 30’ eccentricity (» = —0.32, p < 0.01). This relationship was consistent for each region of
the body. Furthermore, individuals with higher body fat percentage had lower MPOD at each
retinal eccentricity (see Table 2). The relationship between MPOD and the amount of fat in the
trunk region relative to the rest of the body was statistically significant (» = —0.20, p = 0.05).
However, when analyses were performed for men and women separately, statistical significance
remained for men (» = —0.32, p = 0.02) but not for women (» = —0.19, p = 0.07), as shown in Figure
2. Consistent with its relation to body fat percentage, MPOD at each retinal eccentricity was related
to fat mass (p < 0.05). Serum LZ was not significantly related to body fat (see Table 2). MPOD and
serum LZ were not significantly related to fat-free soft tissue mass (data not reported).

Table 2. Pearson-product moment correlation coefficients for associations between
body fat percentage and LZ status.

Body Fat Percentage
Total Leg Trunk Arm Trunk (Relative)*
MPOD 15’ —0.26 * —0.18 —0.28 ** —0.25* —0.10
MPOD 30’ —0.32 ** —0.22 * —0.37 ** —0.30 ** —0.20 *
MPOD 60" —0.24 * -0.14 —0.31 ** —0.21 * —0.23 *
MPOD 105’ —0.29 ** —-0.20 * —0.32 ** —0.28 ** —0.16
Serum LZ 0.16 0.15 0.16 0.11 —0.02

** p<0.01; * p <0.05; 2 Refers to the percentage of total body fat in the trunk region.
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Figure 1. The relationship between MPOD at 30" eccentricity and total body fat percentage.
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Figure 2. The relationship between MPOD at 30’ eccentricity and the percentage
of total body fat that accumulated in the trunk region for male (N = 39) and female
(N =61) subjects.
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4. Discussion

Consistent with past studies [7,10,16], the primary result of the present study was an inverse
relation between MP and body fat across most sites measured. This effect, although statistically
significant, and also like past studies of this relation, was only moderate. This may be attributed to
the use of young healthy subjects with very limited variability in diet and adiposity: to wit, the
group least likely to show effects. Often nutritional relations are driven by the extremes (e.g., those
deficient in intake, those showing loss, etc.). For example, an inverse relationship between MP and
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body fat was driven by obese subjects in a study by Hammond et al. [10], since the findings were
for subjects with over 27% body fat. Limiting our data collection to subjects within a normal range
of adiposity, however, was purposeful. Market studies indicate that 85% of Americans take
supplements and that these are most often individuals who are already healthy and tend to be
affluent and young [17]. We wanted to assess whether normal variation in body fat was related to
tissue LZ status within the average range of most Americans, and to determine differences between
men and women.

An interaction between adipose and retinal tissue in lutein (L) metabolism was originally
proposed by Johnson et al. [5] based on findings that changes in adipose L concentration were
linked to changes in MP. This relationship, however, was specific to sex: that is, significant
negative correlations were found between adipose tissue L concentrations and MP for women, but
a significant positive relation was found for men. Broekmans et al. [7] reported 13% lower MP in
females, despite significantly higher serum and adipose tissue L, and positive associations of
adipose L with serum L and MP for male subjects. Nolan et al. [16] have argued that their data are
consistent with a competition between the retina and body fat for LZ, but only for males. In their
sample, MP was inversely related to body fat percentage for men, but no effect was found for
women. The results of the current study indicate that higher body percentage, for both men and
women, is related to lower MP. This relationship was consistent for each region of the body.
However, total fat in the trunk region (relative to the rest of the body) was related to MP in men but
not in women. Chung et al. [11] reported higher LZ in abdominal adipose tissue compared to
buttocks and thighs, and a stronger relationship between LZ in serum and adipose tissue in the
abdomen compared to other sites. Our data support the idea that the distribution of body fat,
specifically in the abdominal region, influences retinal accumulation of LZ, and that this
mechanism may account for differences for men and women in the relationship between adipose
and LZ tissue status. This has implications for individual differences in the effectiveness of dietary
interventions with LZ.

Dietary supplements containing LZ are being marketed as a way to increase general wellness
and protect against conditions linked to oxidative stress. This market trend has been motivated by a
large wealth of scientific data showing that a diet deficient in antioxidants is likely to be associated
with an elevated risk of degenerative damage. Hammond et al. [18] was perhaps the first to note,
however, that the same dietary intervention can have significantly different retinal effects across
individuals. In that study, some subjects responded vigorously (i.e., tissue LZ increased strongly) to
dietary modification with 12 mg of LZ per day (in spinach and corn). Others, however, had no or
muted responses.

The nutritional state of the retina has been consistently linked with adiposity. Obesity has also
been consistently linked to higher risk of age-related degenerative eye diseases such as macular
degeneration [19,20]. Our data suggest that this link can be explained not only by direct stress
effects (such as increased inflammatory or oxidative stress) but also by the reduction of some of the
natural tissue defenses we evolved to depend upon, such as optimal nutritional status in the form of
sufficient LZ concentrations.
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Macular Pigment and Its Contribution to Vision

Ekaterina Loskutova, John Nolan, Alan Howard and Stephen Beatty

Abstract: Three dietary carotenoids, lutein (L), zeaxanthin (Z) and meso-zeaxanthin (MZ)
accumulate at the central retina (macula), where they are collectively referred to as macular
pigment (MP). MP’s pre-receptoral absorption of blue light and consequential attenuation of the
effects of chromatic aberration and light scatter are important for optimal visual function.
Furthermore, antioxidant activity of MP’s constituent carotenoids and the same blue light-filtering
properties underlie the rationale for its putative protective role for age-related macular degeneration
(AMD). Supplementation with L, Z and MZ augments MP and enhances visual performance in
diseased and non-diseased eyes, and may reduce risk of AMD development and/or progression.

Reprinted from Nutrients. Cite as: Loskutova, E.; Nolan, J.; Howard, A.; Beatty, S. Macular
Pigment and Its Contribution to Vision. Nutrients 2013, 5, 1962-1969.

1. Introduction

Vision is a process by which images of the external world can be interpreted by the seeing part
of the brain. The retina facilitates transformation of light into an electrical signal and is an integral
part of the visual system.

The posterior pole of the retina is known as the macula. The central part of the macula, the
fovea, is only about 2 mm in diameter, but has the highest concentration of light-sensitive cone
photoreceptor cells, and is responsible for detailed central and color vision. The macula houses
three carotenoid pigments, lutein (L), zeaxanthin (Z) and meso-zeaxanthin (MZ), which are
collectively referred to as macular pigment (MP).

In humans, L and Z are entirely of dietary origin, and are found in eggs and many types of
brightly colored fruits and vegetables typical of a western diet [1]. The presence of MZ in
foodstuffs is currently under investigation, but MZ is known to be produced in the macula
following isomerization of retinal L [2].

Of the 42 dietary carotenoids, 14 are absorbed and used by the human body, yet only L, Z and
MZ are found at the macula [3]. The preferential accumulation of L, Z and MZ at the site of
sharpest vision is thought to be the result of an uptake mechanism that has evolved in response to
the functional needs of the tissue (macula). MP optimizes visual performance in non-diseased eyes
because of its pre-receptoral absorption of blue light and consequential attenuation of chromatic
aberration and the adverse impact of light scatter (“veiling luminance™). As a result, and because of
the known inter-individual variability of MP levels, optimal visual performance in non-diseased
eyes is dependent upon optimal MP levels and a peaked spatial profile of this pigment.
Furthermore, MP may also protect against age-related macular degeneration (AMD) because of the
same blue light-filtering properties and because of the anti-inflammatory and antioxidant activities
of MP’s constituent carotenoids [4,5].
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2. Measures of Visual Function

Vision is a complex process, which includes resolving power, discernment of objects against a
contrasting background (contrast sensitivity, or CS), depth perception, color discrimination,
movement recognition, amongst other facilities. No single test reflects all of these parameters of
visual function, but there are a number of techniques to assess different aspects of visual
performance. The most widely used means of testing vision is known as visual acuity (VA), which
measures spatial resolving power of the visual system at a 100% contrast. “Normal” VA is deemed
to be the ability to discriminate symbols that are 1 arc minute apart. VA is primarily a function of
the cones, a type of retinal photoreceptor cell that is also responsible for color vision, and which
reaches peak density at the fovea (the central macula). It is important to note that the resolving
power of the eye does not describe the ability to discern the foreground from the background within
the field of view.

CS is a measure of the visual system’s ability to distinguish objects of dissimilar luminance, and
is measured, and varies substantially, for different target sizes. CS relates directly to how well a
person can perform tasks of everyday life, such as identifying faces, driving or reading [6]. CS
declines with increasing age, and is a more sensitive indicator of visual dysfunction attributable to
retinal disease than is VA [7]. In other words, measures of CS are more reflective of overall visual

performance than is VA, in non-diseased and in diseased eyes.
3. The Process of Vision

The process of vision involves a metabolic response to a physical stimulus. Before the brain can
construct an image, light entering the eye needs to be “bent”, or refracted, by the optical system in
order to be focused on the retina, where it will be transformed into nerve signals, and transmitted to
the visual processing center in the occipital cortex for ultimate perception of the stimulus.

3.1. The Optical System of the Eye

The optical system comprises the cornea, the iris and the lens, and is responsible for filtration,
refraction and regulation of light intensity. First, light is incident upon the cornea, which filters out
ultraviolet (UV) light, and this structure accounts for most of the eye’s refractive power. The
amount of light passing through the lens is regulated by the pupil. Visible light is then further
refracted by the lens, allowing a clear and sharp image to be formed on the retina in an emmetropic
eye (emmetropia is the state of vision where an object at infinity is in sharp focus when the
crystalline lens is in a neutral or relaxed state).

3.2. Optical Limitations: Glare, Chromatic Aberration, and Light Scatter

Several optical limitations of the visual system can adversely impact upon the quality of vision
in the normal eye. It is likely that the ability to accumulate MP at the macula has evolved in order
to attenuate the impact of some of these optical imperfections on image quality [8].
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3.2.1. Chromatic Aberration

Visible light is spectrally composed of differing wavelengths, from short (blue) to long (red).
These wavelengths are refracted by the optical medias to different degrees, with the blue light
being refracted substantially more and, therefore, being defocused at the retina. This phenomenon
is known as chromatic aberration (CA), and is visually perceived as a bluish blur at the edge of a
viewed object, and can substantially and adversely affect the quality of vision, and is reflected in
reduced CS [9].

3.2.2. Light Scatter

Particles suspended in the atmosphere and structures within the eye scatter light incident upon
them. The lens and cornea cause 70% and 30% of light scattered by the eye, respectively, with the
aqueous and vitreous contributions to light scatter being minimal. Importantly, blue light is
scattered more than other wavelengths, and the resulting scattered blue light superimposes a bluish
“veil” over the retinal image, referred to as veiling luminance [10]. Veiling luminance reduces
image contrast and visibility, thereby impairing vision [11].

3.2.3. Glare

Glare is yet another factor which can impair visual performance. There are two types of glare:
discomfort glare and disability glare [11]. Discomfort glare is caused by distracting and/or
uncomfortable intense light sources, and results in an instinctive desire to squint or look away from
the light source. Disability glare, on the other hand, is caused by light scatter and consequential
veiling luminance, and impairs visual performance, but is unassociated with discomfort.

In summary, visible blue light is deleterious to the quality of the optical image formed at the
retina, because shorter wavelengths are scattered more than other wavelengths, thereby resulting in
glare disability and veiling luminance, and also because these short blue wavelengths are more
defocused at the retina than other wavelengths, thereby causing chromatic aberration. Further, there
are no blue-sensitive cones in the foveola, and blue visible light is therefore solely deleterious to
high frequency spatial vision.

3.3. Visual Benefits of MP

Optically, MP is a blue light filter, with maximum absorption circa 460 nm, and screens out
deleterious short-wavelength light. It has been shown that MPOD is positively related to the
heterochromatic contrast thresholds (obtained by presenting the target with contrast grating
stimulus on a blue, 460 nm, background), likely because MP’s preferential absorption of blue
surround increases target detectability [12]. Under natural conditions, objects are often presented
on short-wavelength background, such as blue sky and green leaves, meaning that the filtering
properties of MP may be important for real-life vision.

MP’s pre-receptoral filtration of blue light is believed to reduce the adverse impact of glare
disability, light scatter and chromatic aberration, thereby optimizing CS [13-15]. It follows,
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therefore, that augmentation of MP would result in enhanced CS and improved glare disability.
Indeed, as shown by clinical trials, this can be achieved by supplementation with a formulation
containing the macular carotenoids [16—18]. Of interest, in a study by Loughman et al., best visual
outcomes were seen when the formulation contained all three of MP’s constituent carotenoids (MZ,
L and Z in a (mg) ratio of 10:10:2) [18].

However, the visual benefits of MP are not restricted to the effects of its optical properties,
reflected in a growing body of evidence that the macular carotenoids may have a favorable effect
on neuronal processing [19,20]. These carotenoids have been shown to improve communication
through cell-to-cell channels, modulate the dynamic instability of microtubules (structural units of
neurons), and prevent degradation of synaptic vesicle proteins [21-23].

Rubin et al. have investigated the effects of supplementation with carotenoids (L, Z, lycopene
and B-carotene) on plasma levels of these compounds, incidence of prematurity complications,
levels of a biomarker of inflammation (C-reactive protein) and electroretinography (ERG)
outcomes in preterm infants compared to human milk-fed term infants [24]. Supplementation with
carotenoids increased plasma concentrations of these compounds into the range observed for term
infants. Moreover, infants who received supplementation showed a significantly greater sensitivity
response in rod photoreceptors than infants in the control group, suggesting that carotenoids have an
initiative effect on rod function and, thereby, positively affect retinal development in infancy. As
discussed by the authors, the proposed mechanism probably involves the same light-absorbing,
antioxidant and anti-inflammatory activities of the macular carotenoids that have already been
alluded to. Interestingly, levels of the biomarker of inflammation were lower following
supplementation, and approximated those of the term infants. This finding is consistent with other
reports on the anti-inflammatory properties of the macular carotenoids [4,5].

Indeed, Hammond et al. have shown that MP is positively related to a dynamic measure of
visual performance, termed critical fusion frequency (CFF) thresholds, which is believed to also
reflect post-receptoral processes [19]. In a further study by Renzi et al., these findings were
confirmed and expanded upon by measuring the more complete temporal contrast sensitivity
function (TCSF) [20]. In this latter study, MPOD was found to be positively related to CFF
thresholds and to TCSF, suggesting that MP may be important for central visual processing.

3.4. Neurophysiology of Vision

The process of phototransduction in the retina is essential for vision. Two types of
photoreceptors, known as rods and cones, share responsibility for conversion of light into a neural
signal. Phototransduction takes place in photoreceptor outer segment membranes, which are
organized in stacks. Photopigments within these membranes consist of a light-absorbing
chromophore, retinal, and a protein moiety, opsin. When activated by incident light, retinal
undergoes photoisomerisation and converts from the 11-cis to the all-trans form, thus initiating a
signal transduction cascade [25].

The photoreceptors are located in the outer layers of the neurosensory retina, which means that
they are facing away from incident light. The explanation for this inverted design is that
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photoreceptors need to be in close contact with the retinal pigment epithelium (RPE), which plays
an essential role in sustaining the visual phototransduction cycle.

The RPE supplies photoreceptors with nutrients, and constantly restores the chromophore from
the all-trans to 11-cis configuration, thereby ensuring regeneration of the visual pigment [26]. RPE
also recycles shed photoreceptor outer segments, and other metabolic waste. In fact, the
metabolism and resultant photo-oxidative damage in the photoreceptor cells is so high that the
outer segments must completely renew themselves every 10 days [27].

Disease of the Retina

With the highest metabolic activity in the mammalian world and associated high oxygen
consumption, the retina, a tissue rich in readily oxidizable polyunsaturated fatty acids (PUFAs), is an
ideal environment for the production of, and damage by, reactive oxygen intermediates (ROIs) [28].
Exposure to light, especially high energy short-wavelength light, and the presence of
photosensitizers (chromophores), further increase production of ROIs in this tissue [29,30].
Oxidative stress resulting from excessive production of ROIs, and consequential inflammation, are
important in the pathogenesis of AMD [31].

3.5. Protective Role of MP for AMD

MP’s pre-receptoral filtration of blue light at the macula (where photoreceptors reach their peak
concentration) is believed to protect the vulnerable central retina from oxidative injury by limiting
light-induced generation of ROIs [32]. MP’s constituent carotenoids also contribute to the
antioxidant defense system through their capacity to quench singlet oxygen and scavenge free
radicals [33]. Moreover, these compounds may also attenuate the deleterious effects of chronic
inflammation in the macular region [4,5].

Accordingly, it is biologically plausible that MP protects against AMD, and supplementation
with the macular carotenoids could represent a strategy of preventing and/or delaying the onset of
AMD or retarding progression of this disease [34].

4. Conclusion

There is firm evidence that MP is necessary for optimal visual function. Indeed, supplementation
with MP’s constituent carotenoids can enhance visual performance in non-diseased and diseased
eyes, with best results following supplementation with all three of MP’s constituent carotenoids
(MZ, L and Z in a (mg) ratio of 10:10:2). Finally, there is a biologically plausible rationale
whereby MP’s optical and antioxidant properties may reduce risk of AMD development and/or
progression (as recently shown by AREDS2) [35].
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Diminishing Risk for Age-Related Macular Degeneration with
Nutrition: A Current View

Molly Schleicher, Karen Weikel, Caren Garber and Allen Taylor

Abstract: Age-related macular degeneration (AMD) is the leading cause of blindness in the
elderly. Clinical hallmarks of AMD are observed in one third of the elderly in industrialized
countries. Preventative interventions through dietary modification are attractive strategies, because
they are more affordable than clinical therapies, do not require specialists for administration and
many studies suggest a benefit of micro- and macro-nutrients with respect to AMD with few, if
any, adverse effects. The goal of this review is to provide information from recent literature on the
value of various nutrients, particularly omega-3 fatty acids, lower glycemic index diets and,
perhaps, some carotenoids, with regard to diminishing risk for onset or progression of AMD.
Results from the upcoming Age-Related Eye Disease Study (AREDS) II intervention trial should
be particularly informative.

Reprinted from Nutrients. Cite as: Schleicher, M.; Weikel, K.; Garber, C.; Taylor, A. Diminishing
Risk for Age-Related Macular Degeneration with Nutrition: A Current View. Nutrients 2013, 5,
2405-2456.

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness worldwide, affecting
30-50 million people. AMD affects over two million individuals of all ages and races in the United
States and 11% of those above the age of 80 [1]. Globally, costs associated with AMD are over
$340 billion USD, and the majority of AMD patients are not eligible for clinical treatments [2—4].
Along with the burgeoning population of elderly, the prevalence of AMD is projected to grow over
the next 20-30 years, with over five million individuals being affected by 2050 [5].

AMD is an eye disorder that gradually destroys the macula, the part of the retina with a high
density of photoreceptors that is responsible for sharp, high-resolution vision. This part of the retina
is able to receive light signals and quickly turn such signals into chemical and then electrical
signals that are sent to the brain via the optic nerve. The brain then converts these electrical signals
into the images we see. However, if the photoreceptors in the macula are damaged or prematurely
shed, as in AMD, the central field of vision is distorted or lost [5].

Photoreceptors are exposed to extensive oxidative stress in the form of light and oxygen [6].
As a result, the outer 10% of photoreceptor segments are shed each night. These must be engulfed,
degraded and the debris removed by the retinal pigment epithelium (RPE), which lies posterior to
the photoreceptors [7]. Since one RPE cell services 30 photoreceptors, the RPE has among the
highest degradative burdens in the body. In addition, the RPE is involved in maintaining the
nutriture of the photoreceptors. Since photoreceptors do not have their own blood supply, it is
crucial for nutrients from the choroidal blood supply to cross Bruch’s membrane and enter the RPE
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and photoreceptors [6,8,9]. Adequate nutritional support to the RPE also facilitates efficient
turnover of photoreceptors.

The combination of inadequate nutrition and the inability to properly degrade and dispose of
cellular debris may contribute to the formation of deposits in the RPE-Bruch’s membrane region.
Basal laminar deposits accumulate between the RPE basement membrane and the RPE plasma
membrane [10]. These are thought to precede the formation of drusen, which are established
clinical indicators for early AMD [11-14]. Drusen are often found between the RPE and the
choroid and contain a variety of lipids and proteins, including ubiquitin and advanced glycation end
products, as well as inflammatory mediators [11].

There are two forms of AMD, commonly referred to as dry and wet. Approximately 90% of
AMD patients in the US have dry AMD [5]. Dry AMD has three stages, early AMD, intermediate
AMD and advanced AMD, which are characterized in part by the size and number of drusen [5].
Early AMD is indicated by small (<63 pum) and/or a few medium-sized (<125 pm) drusen.
Intermediate AMD is indicated by many medium-sized or one or more large-sized drusen.
Advanced dry AMD, also known as geographic atrophy, is diagnosed when there is focal, round
depigmentation with sharp margins and, in some cases, visible choroidal vessels, as well [15]. In
addition, there are often large and abundant drusen, as well as RPE and photoreceptor death in the
macula. Consequently, patients with geographic atrophy experience significant vision loss.

Approximately 10% of AMD patients in the US have the more visually debilitating neovascular,
or wet, form of AMD [5]. Neovascular AMD is manifested by formation of exudates and/or
neovascularization of the retina. The latter is characterized by the development of aberrant blood
vessels, originating from the choroid, that penetrate Bruch’s membrane, causing damage to the
RPE and overlying photoreceptors. These aberrant vessels are prone to leak, thus the designation
“wet AMD”. Such bleeding can cause the macula to swell and bulge, causing straight lines to
appear curved [16].

Risk factors for AMD include age, gender, race, family history, genetics, weight and smoking.
As individuals age, the risk for AMD increases [5]. Gender also appears to influence risk for AMD,
with women having a slightly higher risk for AMD than men. Non-Hispanic blacks have less risk
for non-exudative AMD at age 80 than Caucasians, and Asians have a higher rate of non-exudative
AMD at age 60 than Caucasians [17]. Genetic analyses have shown that a primary relative who has
AMD can increase one’s own risk of the disease. Several single nucleotide polymorphisms have
been associated with AMD risk in certain populations, with the most widely known polymorphism
found on the Complement Factor H gene [18-22]. Obesity is another significant, yet modifiable
risk factor, and it has been shown that a 3% reduction in the waist-to-hip ratio decreases risk for
AMD by 20% [23]. The most consistently reported risk factor for AMD is smoking, as it increases
the risk for AMD up to seven-fold [3].

Currently, there are no therapies to treat dry AMD [24]. There are available treatments for some
neovascular AMD patients. However, they are used only after the patients have lost some vision.
Clearly, there is a critical need for preventative measures against AMD.
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2. Reader’s Guide

There have been dozens of studies during the past 40 years. The following sections summarize
data that relate relationships between particular nutrients and risk for AMD. Readers are referred to
an exhaustive review by Weikel ef al. [25] for a complete summary in text of the data collected up
to 2011 regarding risk for onset or progress of AMD and intake, blood levels or supplement use of
specific nutrients.

For clarity, this review will only use the term AMD, as AMD and age-related maculopathy
(ARM) are used interchangeably. Furthermore, those studies that used the term “exudative AMD”
will be described here as “neovascular”, since both terms refer to the same condition. Those studies
which used the term “severe AMD” will be described here as “late AMD”, as per the majority of
studies. Often, this refers to geographic atrophy or exudative, wet AMD.

Data in the figures is organized by type of exposure (intake, plasma level, etc.) and outcome
measure (early AMD, late AMD, efc.). We further divide our discussion by study design, because
there are different limitations inherent in each type of study. For each of the nutrients, the figures
present risk for “any” type of AMD, early AMD indicators, early AMD, late AMD, followed by
geographic atrophy and neovascular AMD, if these specific types of late AMD were analyzed. Data
regarding “risk” are separated from data regarding “risk for progression”. Information about the
latter is crucial, because it addresses the opportunity to delay early AMD from progressing to
vision-compromising disease. In order to present a comprehensive view, results of studies that found
beneficial associations of a particular nutrient are reported in the figures with studies that found null
associations and studies that found harmful associations of that same nutrient on the same outcome.
Data from studies that do not indicate odds or hazard ratios are referenced in the text, but not
indicated in the figures.

3. Dietary Carbohydrate

Most of the research investigating the role of carbohydrates in AMD risk relates to glycemic
index. Glycemic index is the measure of the ability of 50 g of a certain food to raise blood glucose
levels, relative to the ability of 50 g of a standard food (e.g., glucose) to raise blood glucose
levels [26]. High glycemic foods result in higher levels of glucose in the blood within two hours of
consumption. All epidemiologic data published to date indicates that consuming higher glycemic
index foods is associated with a greater risk for AMD or AMD progression [27,28].

Cross-sectional analysis of baseline Age-Related Eye Disease Study (AREDS) data found that
compared to those with dietary glycemic indexes in the first quintile, those with intakes in the
fourth (OR (odds ratio) = 1.31; 95% CI (confidence interval): 1.02, 1.66) or fifth quintile
(OR = 1.42; 95% CI: 1.09, 1.84) were at an increased risk for the appearance of large drusen [29]
(Figure 1). There was also a trend for increasing glycemic index with increasing risk for large
drusen (p = 0.001) [29]. Increasing dietary glycemic index increased risk for neovascular AMD
(p = 0.005), and there was a statistically significant trend of increasing dietary glycemic index with
advancement of AMD stage (p < 0.001) [29]. These observations corroborated findings from a
cross-sectional analysis of the Nutrition and Vision Project (NVP), which found that after
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multivariate adjustment, those who had dietary glycemic indices in the highest tertile had an
increased risk for AMD compared to the lowest tertile (OR = 2.71; 95% CI:1.24,5.93; p = 0.01, for
trend) (Figure 1). Glycemic index did not affect risk for drusen in this population [30] (Figure 1).

Figure 1. Odds or risk ratio for early age-related macular degeneration (AMD)
indicators (DRUSEN), late AMD indicators (LG DRUSEN) or AMD with intake of a
high glycemic index diet: cross-sectional studies.
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Prospective studies also indicate that higher glycemic index foods increase risk for AMD.
In AREDS, risk of progression of AMD over an eight-year period was higher in those with a higher
glycemic index diet (RR (relative risk)= 1.10; 95% CI: 1.00, 1.20; p = 0.047) [31] (Figure 2).
Those at later stages of the disease had a greater risk of progression on the higher glycemic index
diet (p < 0.001), and compared to those with the lowest quintile of dietary glycemic index, those in
the highest quintile of dietary glycemic index had a 39% higher risk of progressing to advanced
AMD (95% CI: 1.08, 1.79) [31] (Figure 2). The authors calculated that 20% of the prevalent AMD
cases would have been eliminated if participants consumed a diet with a glycemic index below the
median and predicted that by changing the dietary glycemic index only slightly, approximately
100,000 cases of AMD would be avoided in five years [29]. Additional analyses including data
regarding intake of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) from 2924
AREDS participants revealed that consumption of high glycemic index diets increased the
progression to advanced AMD by 32% (95% CI: 1.16, 1.52), and those who consumed a low
glycemic index diet along with a high consumption of DHA were at even lower risk for progression
to advanced AMD (p < 0.001) [32] (Figure 2).
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Figure 2. Odds or risk ratio for early AMD indicators (PIG AB), late AMD indicators
(SOFT DRUSEN), early AMD, or progression to late AMD, with intake of a high
glycemic index diet: prospective studies.
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The Blue Mountains Eye Study corroborated the data from the Nurses’ Health Study (NHS) and
AREDS, showing that among 3654 participants 10 years after baseline, those with a dietary
glycemic index in the highest quartile were at an increased risk for early AMD compared to those
in the lowest quartile, after adjusting for age, sex, BMI (body mass index) smoking, blood pressure,
history of cardiovascular disease and vegetable, fruit and fat intake (RR = 1.67; 95% CI: 1.06, 2.64;
p = 0.04, for trend) (Figure 2). A significant trend of decreasing risk for early AMD with increased
consumption of cereal fiber (p = 0.05) and breads and grains (p = 0.03) was found (Figure 3).
Those consuming the highest amounts of cereal fiber, breads and grains had a reduced risk of soft
drusen (RR =0.61; 95% CI: 0.39, 0.96; p = 0.01, for trend) and pigment abnormalities (RR = 0.61;
95% CI: 0.43, 0.85; p = 0.04, for trend) (Figure 3). Comparison of the highest to lowest quartile of
glycemic index also showed an increased risk for soft drusen over 10 years (RR = 1.68; 95% CI:
1.03, 2.74; p = 0.04, for trend) (Figure 2). In general, measures of the amount of carbohydrate were
not associated with risk for early or late AMD [33] (Figure 4).

Three cohorts have examined the role of carbohydrates in AMD risk. Albeit a limited number of
cohorts, they were large cohorts, and the evidence indicates that consumption of carbohydrates of a
low glycemic index appears to lower risk for AMD and AMD progression. In comparison, total
carbohydrate intake does not appear to be related to risk for or progression of AMD. Controlled
laboratory studies have corroborated the data and propose the pathophysiologic mechanisms of the
relationship between glycemic index and AMD [34,35]. These data indicate that glycoxidative
stress results in accumulation of elevated levels of intracellular glycated proteins and compromised
protein editing capacities. This leads to a viscous cycle of glycative damage, diminished proteolytic
capacity, accumulation of glycated proteins, cytotoxicity and tissue dysfunction [25].
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Figure 3. Odds ratio for early AMD indicators (PIG AB), late AMD indicators
(SOFT DRUSEN), or early AMD; high vs. low intake of low glycemic index foods:

prospective study.
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Figure 4. Odds or risk ratio for early AMD indicators (DRUSEN) or AMD; high vs.
low intake of total carbohydrates: cross-sectional studies.
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The above findings are consistent with data supporting consumption of lower glycemic index
diets to decrease risk for obesity, a risk factor for AMD [36]. Several intervention studies have
found that energy-restricted diets based on low glycemic index foods contribute to greater weight
loss than calorically equivalent diets based on high glycemic index foods [37]. Taken together,
these observational data encourage use of low glycemic index diets to lower the risk for AMD and
AMD progression.
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4. Dietary Fats and Fish
4.1. Omega-3 and Omega-6 Fatty Acids

Increased intake of omega-3 fatty acids, especially long-chain omega-3 fatty acids, such as DHA
and EPA, found in fish, has been associated with amelioration of a number of chronic diseases,
including AMD [38,39].

The Eye Disease Case Control Study (EDCC), which consisted of 349 cases and 504 controls,
found that, in subjects with a low linoleic acid (omega-6 fatty acid) intake, there was a trend of
retinal protection in those with higher intake of omega-3 fatty acids (p = 0.05). Without adjusting
for omega-6 intake, this trend became non-significant (»p = 0.29). This trend suggests that omega-6
and omega-3 fatty acids may be in a state of metabolic competition. However, while biochemical
studies continue to suggest competition, further epidemiologic analysis did not support such
competition. When comparing those with the highest and lowest EPA and DHA consumption, EPA
and DHA did not confer significant protection from neovascular AMD before adjusting for linoleic
acid intake (OR = 0.75; 95% CI: 0.44, 1.25) or in those with low (OR = 0.61; 95% CI: 0.26, 1.42)
or high linoleic acid intake (OR = 0.78; 95% CI: 0.39, 1.56) [40] (Figure 5).

Figure 5. Neovascular AMD odds or risk ratio, high vs. low intake of omega-3 fatty
acids: retrospective and cross-sectional studies.
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Strong evidence for a beneficial role of omega-3 fatty acids in eye health is found in two
cross-sectional studies, the US Twin Study of Age-Related Macular Degeneration (“US Twin”) and
AREDS. The US Twin study found that compared to those consuming the least amount of omega-3
fatty acids, those consuming the highest amount had a reduced risk for any stage of AMD
(OR = 0.55; 95% CI: 0.32, 0.95). This association was driven mostly by those with a low linoleic
and omega-6 fatty acid intake (p < 0.001), as the association disappeared in those with an intake of
linoleic acid above the median [41] (Figure 6). Analysis of the baseline data from 4519 participants
in AREDS revealed that compared to those in the lowest quintile of intake, those in the highest
quintile of intake for EPA (OR = 0.72; 95% CI: 0.51, 1.01; p < 0.05), DHA (OR = 0.60; 95% CI:
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0.42, 0.85) and total long-chain omega-3 fatty acids (OR = 0.63; 95% CI: 0.45, 0.89) were at a
reduced risk for neovascular AMD [42] (Figure 5). However, sub-group analysis of the population
found that the reduction of risk associated with high consumption of EPA and DHA became
non-significant when the cohort was separated by intake of arachidonic acid, another omega-6 fatty
acid [42] (Figure 5).

Figure 6. Odds or risk ratio for early AMD indicators (DRUSEN), early AMD or
LATE AMD and OR AMD; high vs. low intake of omega-3 fatty acids: retrospective
and cross-sectional studies.
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Data from prospective studies support a beneficial role of omega-3 fatty acids. Analysis of
1837 participants of AREDS found that increasing intake of DHA + EPA was associated with a
decreased rate of progression to central geographic atrophy over 12 years (p = 0.026), and
progression to central geographic atrophy was lowest in subjects with intakes in the highest
quintiles of intake of DHA (OR = 0.68; 95% CI: 0.47, 0.99), EPA (OR = 0.70; 95% CI: 0.49, 1.00)
and DHA + EPA (OR = 0.66; 95% CI: 0.46, 0.94) (Figure 7). Increasing intakes of DHA alone
(» =0.001) or DHA + EPA (p = 0.032) were also associated with a decrease in risk of progression
to neovascular AMD (p = 0.001). Analysis of 2,924 AREDS participants revealed that those
consuming more than 64 mg/day of DHA, compared to less than 26 mg/day, had a reduced risk for
progression to advanced AMD (HR (hazard ratio) = 0.73; 95% CI: 0.57, 0.94) (Figure 7). Those
consuming at least 42.3 mg EPA per day, compared to less than 12.7 mg/day, were at a reduced
risk for progression to advanced AMD (HR = 0.74; 95% CI: 0.57, 0.94) (Figure 7). Participants
who were healthy at baseline benefitted from a high DHA diet, as indicated by reduced progression
of early AMD (HR = 0.58; 95% CI: 0.37, 0.92) [32] (Figure 8). Prospective analysis of 38,022
women from the Women’s Health Study observed that women in the highest tertile of DHA intake,
compared to those with the lowest DHA intake, had a 38% reduced risk for AMD (RR = 0.62, 95%
CI: 0.45, 0.85) (p = 0.003 for trend). Similar relationships were found for higher intake of EPA
(RR = 0.64, 95% CI: 0.46, 0.88) (p for trend = 0.004), and for DHA + EPA ( RR, 0.62, 95% CI:
0.45-0.86) (p for trend = 0.03) [43]. A study of over 72,000 participants from the NHS and Health
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Professionals’ Follow-Up Study (HPFUS) indicated that those with the highest intakes of DHA
were at a reduced risk for AMD (RR = 0.70; 95% CI: 0.52, 0.93) [44] (Figure 9). Analysis of
6339 participants from the Melbourne Collaborative Cohort (“Melbourne”) indicated that those
consuming the highest amounts of omega-3 fatty acids were at a slightly reduced risk for early
AMD (OR = 0.85; 95% CI: 0.71, 1.02; p = 0.03, for trend) (Figure 8), but there was no association
between particular fatty acids, such as EPA, DHA and alpha-linolenic acid, and early or late
AMD [45]. Benefits of omega-3 fatty acids in general were seen in 2454 participants of the Blue
Mountains Eye Study. Compared to those with the lowest intakes of omega-3 fatty acids, those
with the highest intakes were at reduced risk for incidence of early AMD (RR = 0.63; 95% CI:
0.42, 0.95) [46] (Figure 8) and such findings were corroborated in follow-up analysis (OR = 0.41;
95% CI: 0.22, 0.75) [47] (Figure 8). Finally, data from a European prospective cohort, EUREYE
(The European Eye Study), indicated that among 2275 participants, those with consumption levels
of DHA (OR = 0.32; 95% CI: 0.12, 0.87) and EPA (OR = 0.29, 95% CI: 0.11, 0.73) in the highest
quartile had a reduced risk for neovascular AMD [48] (Figure 10).

Figure 7. Odds or risk ratio for progression to late AMD, geographic atrophy (GA) or
neovascular AMD (NEO); high vs. low intake of omega-3 fatty acids: prospective studies.
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Figure 8. Odds or risk ratio for early AMD or progression to early AMD; high vs. low

intake of omega-3 fatty acids: prospective studies.
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Figure 9. Odds or risk ratio for AMD or intermediate AMD; high vs. low intake of

omega-3 fatty acids: prospective studies.
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Figure 10. Odds or risk ratio for late, neo AMD; high vs. low intake of omega-3 fatty
acids: prospective studies.
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In one intervention trial, supplementation of 12 women with 800 mg DHA per day for four
months significantly increased macular pigment optical density (MPOD), a surrogate marker for
retina health, after two and four months of supplementation (p < 0.001). Surprisingly, women who
also received 12 mg/day of lutein with the DHA did not experience as great an increase in MPOD
at two months, but had similar density at four months [49]. The optimism that is engendered by the
robust epidemiologic record is qualified somewhat by results from the Nutritional AMD Treatment
2 Study [50]. Patients were given either 840 mg/day DHA and 270 mg/day EPA or placebo for
three years. For patients that showed the highest levels of EPA + DHA in red blood cell
membranes, there was a 68% lower risk for chorodial neovascularization (CNV), but not for other
indicators of AMD status. For the full cohort of patients, supplementation with DHA and EPA was
without effect relative to placebo.

The possible connection between omega-6/omega-3 fatty acid ratio and development and
progression of AMD has been investigated. Mance et al. divided 125 AMD patients into five
groups according to the Clinical Age-Related Maculopathy Staging System and measured intake of
dietary fatty acids using the validated food frequency questionnaire. A statistically significant
difference was found between the omega-6/omega-3 ratio in neovascular AMD compared to all
other groups, with the ratio of 11:1 found in the stage 5 group. Additionally, the stage 4 group had
a statistically significant difference in the ratio compared to stages 1, 2 and 3, with the ratio in the
first three groups at about 7-7.5:1 [51]. Christen et al. also found that the ratio of omega-6/omega-
3 fatty acids was directly associated with risk for AMD in a group of 38,022 women enrolled in the
Women’s Health Study [43].

Despite these studies showing a beneficial role of omega-3 fatty acids in eye health, cross-sectional
analysis of 4003 AREDS participants showed no association between DHA intake (OR = 0.94;
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95% CI: 0.77, 1.16), EPA intake (OR = 0.96; 95% CI: 0.84, 1.15) and late AMD (OR = 0.82; 95%
CI: 0.59, 1.13). There was also no association between intake of either DHA or EPA and risk for
drusen (OR = 0.94; 95% CI: 0.77, 1.16) (OR = 0.96; 95% CI: 0.84, 1.15). Although those in the
third quartile of EPA intake had 30% less risk for late AMD compared to those with the lowest
intakes (95% CI: 0.53, 0.93), this association was lost at higher levels of EPA intake [52]. In the
Melbourne cohort, there was also no association between intake of EPA, DHA or alpha-linolenic
acid (another omega-3 fatty acid) and risk for early or late AMD [45] (Figures 8 and 9).

Figure 11. Odds or risk ratio for early AMD, late AMD or neovascular AMD (NEO);
high vs. low intake of omega-6 fatty acids: retrospective and cross-sectional studies.
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Figure 12. Odds or risk ratio for intermediate AMD, neovascular AMD (NEO) or
AMD progression; high vs. low intake of omega-6 fatty acids: prospective studies.
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With the exception of the EDCC and NHS + HPFUS, most retrospective, cross-sectional and
prospective studies found no relationship between omega-6 fatty acid intake (independent of
omega-3 fatty acids) and AMD (Figures 11 and 12) [42,45,53-55]. The EDCC did indicate that
high intakes of linoleic acid appeared to increase risk for neovascular AMD (OR = 2.00; 95% CI:
1.19, 3.37) [40] (Figure 11). Additionally, the NHS + HPFUS also found that those with the highest
intakes of linolenic acid had increased risk for any stage AMD [44]. The Carotenoids in Age
Related Eye Disease Study (CAREDS) found that those consuming the highest amounts of
omega-3 fatty acids were at higher risk for intermediate AMD [54]. An additional study found that
over seven years, early AMD patients with intakes of omega-3 fatty acids in the highest quartile
were at increased risk for AMD. However, this association was lost with a more rigid definition of
AMD [55] (Figures 9 and 10).

4.2. Fish Intake

The effect of fish on risk for AMD is of great interest, as fish is a common dietary source of
omega-3 fatty acids [56]. Cross-sectional analyses of AREDS participants indicated that
consumption of at least two servings of fish per week was associated with decreased risk for
neovascular AMD compared to zero servings per week (OR = 0.61; 95% CI: 0.37, 1.00; p = 0.01
for trend). Consumption of more than one serving of baked or broiled fish was associated with a
decreased risk of neovascular AMD (OR = 0.65; 95% CI: 0.45, 0.93; p = 0.02, for trend) [42]
(Figure 13).

Figure 13. Relationship between early indicators of AMD (DRUSEN, PIG AB), early,
late or neovascular (NEO) AMD and fish intake: retrospective and cross-sectional studies.
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Two prospective studies analyzing the effect of fish intake on risk for AMD corroborated the
observation of competition between omega-3 and omega-6 fatty acids in modulating eye health that
was observed in the EDCC analysis [40]. Data from the Blue Mountains Eye Study showed that
among 2454 participants with low linoleic acid (omega-6) consumption, one serving of fish/week
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was associated with a reduced risk of incident early AMD (OR = 0.69; 95% CI: 0.49, 0.98) ten
years after baseline [46] (Figure 14). Another study reported that among those consuming at least
two servings of fish/week, those consuming below the median amount of linoleic acid were at a
slightly reduced risk for progression to advanced AMD compared to those consuming above the
median (RR = 0.36; 95% CI: 0.14, 0.95; p = 0.045, for trend) (Figure 14). The beneficial
associations of fish intake were not observed in those with higher intakes of linoleic acid, nor were
they observed before adjusting for linoleic acid intake [57] (Figure 14). Although these
observations contradict those in the quintile intake analysis of the EDCC, the prospective design of
these studies increases the likelihood of a competition between omega-3 fatty acids and linoleic
acid [40,46,57]. Additionally, analysis of the Women’s Health Study observed that consumption of
one or more servings of fish/week was associated with a 42% lower risk of AMD compared to
consumption of less than one serving of fish per month [43].

Figure 14. Relationship between early indicators of AMD (DRUSEN, PIG AB), early,
late or neovascular (NEO) AMD and fish intake: prospective studies.

10.00

x©
['4
S 1.00 T
o | T | 0.88
o | | ¢
| oes . g T
| ; | |
1 I 0.47
1
i 1 036
0.25
0.10
s . &s &> g5 _w o o . o R
85 4.8 9.3 o.Sa .S B _ B 6 B G
2SR S¥q, Z£R7 €9, BE8x Fous JFoxums Fo<us
E5sT N gz=g <37 Qilsp 95395 253d%5;2533%5
8% 8o E 2§ S E wzoE 2588 B=5c8 Bx52:88x58:8
® J85= =48 =51 2e8s R 200 FER-RS]
el [4 Koo = Q. 98 wWwWolSg wwoSZQuwWwWoS3§
AQT -0 < - Lo © @ 0v38 koSS b 388%pEn T 8E
§2 ©§©723 u§Tg§y %23 <8 093 % OINzs oSN
o S & S ~ 0o ] ] o»n o On
['4 ['4 - '3 I
o o o

Additional prospective studies support the role of fish in reducing AMD risk, even without
adjusting for omega-6 fatty acid intake. Analysis of the combined NHS + HPFUS indicated that
those who consumed more than four servings of fish/wk had a reduced risk for any stage of AMD
relative to those consuming less than four servings per week (RR = 0.65; 95% CI: 0.46, 0.91) [44]
(Figure 14). Another study reported that consuming fish once a week reduced risk for early AMD
by 42% (OR = 0.58; 95% CI: 0.37, 0.90), while consumption of fish three times a week reduced
risk for late AMD by 75% (95% CI: 0.06, 1.00) [47] (Figure 14). Data from EUREYE indicated
that weekly consumption of oily fish was associated with a reduced risk of neovascular AMD
(OR =0.47; 95% CI: 0.33, 0.68) [48] (Figure 12).
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The EDCC, retrospective analysis of the Beaver Dam Eye Study and cross-sectional data from
the Blue Mountains Eye Study did not find an association between fish intake and early or late
AMD [40,53,58,59] (Figure 13).

4.3. Polyunsaturated Fat and Nut Intake

Nuts are a popular source of polyunsaturated fatty acids. In the prospective Blue Mountains Eye
Study, it was found that one to two servings of nuts/week was associated with a decreased risk of
early AMD (OR = 0.65; 95% CI: 0.47, 0.91) among nonsmokers with low HDL and high intake of
beta-carotene [46,56] (Figure 15). All other studies, such as the EDCC, Melbourne Collaborative
Cohort, POLANUT (dietary survey study of the Pathologies Oculaires Li¢es a I’Age study) and
cross-sectional analysis of the Blue Mountains Eye Study, did not find a significant association
between these types of fatty acids and AMD risk [40,45,55,58] (Figure 16).

Figure 15. Odds or risk ratio for early AMD, intermediate AMD, progression to late
AMD, and neovascular AMD (NEO); high vs. low intake of fat-containing foods:
retrospective and prospective studies.
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Figure 16. AMD odds or risk ratio; high vs. low intake of polyunsaturated fatty acids:
retrospective and cross-sectional studies, prospective.
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4.4. Monounsaturated Fatty Acids

Many studies, including the EDCC, Beaver Dam Eye Study, CAREDS, Melbourne Collaborative
Cohort and the POLANUT study, did not find a significant association between consumption of
monounsaturated fatty acids, such as oleic acid, and any stage of AMD risk [40,45,53-55,60]
(Figures 17 and 18). Cross-sectional analysis of 3654 subjects from the Blue Mountains Eye Study,
and cross-sectional analysis of AREDS found a slightly harmful trend of increasing consumption of
monounsaturated fatty acids and increasing risk for early and neovascular AMD (p = 0.05) and
(OR = 1.80; 95% CI: 1.27, 2.56), respectively. Oleic acid, a commonly consumed monounsaturated
fatty acid, was not significantly associated with disease risk in AREDS [42,53,58] (Figure 17).

Figure 17. Odds or risk ratio for early AMD, intermediate AMD, late AMD or
neovascular AMD (NEO); high vs. low intake of monounsaturated fatty acids:
retrospective, cross-sectional studies.
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Figure 18. Odds or risk ratio for early AMD, intermediate AMD or late AMD; high vs.

low intake of monounsaturated fatty acids: prospective studies.
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No studies have reported retinal benefits through consumption of saturated fatty acids The
EDCC, CAREDS, Blue Mountain Eye Study, Melbourne cohort, POLANUT and Cardiovascular
Health and Age Related Maculopathy study did not find an association between saturated fat intake
and risk for AMD [40,45,54,55,58,60] (Figures 15 and 19). However, analysis of the Beaver Dam
Eye study and AREDS showed an association between high saturated fat intake and increased risk

for AMD [42,53] (Figure 19).

Figure 19. Odds or risk ratio for early AMD, intermediate AMD, late AMD or
neovascular AMD (NEO); high vs. low intake of saturated fat: retrospective, cross-

sectional and prospective studies.

ORorRR

10.00

1.00

- Retrospective Prospective
I I
1.80 |
l 150 161 156 1.60
| .
099 1.00 ==
1 |
|
|
1
P = = P 0 = ¢ w » v
G2E s3E L5F £ .38 %8 &3t 2 SB g=f
— .. £ . . <
S5 d:8 gg& EFS g z =58 oisx 2I3
<%y 28> =83 Z%e LS= s Lvs WOesg Fo8
~s2 SEg =£g S=3 33 g 52pE 2332 LS
g E@ ] wgm Z0 3 Zoi S £8 k¢
TE- Zd& FEZ ol e 2= W 53 £5
go- Ed- I 58 <58 E a8 9§58
§98 g¢8 Sg8 998 e8 wSg z *8 -°g
[ ST ST S a < <
= =



144

4.6. Trans Fatty Acids

The EDCC and Melbourne Collaborate Cohort analyzed the role of trans-fatty acid intake in
AMD risk. Both did not find a significant relationship with early, late or neovascular AMD risk,
nor with AMD progression [45,55] (Figure 20).

Figure 20. Odds or risk ratio for late AMD or neovascular AMD (NEO); high vs. low
intake trans-fatty acids: retrospective and prospective studies.
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4.7. Cholesterol

Excessive cholesterol intake is related to poor cardiovascular health and elevated cholesterol
levels. Similarly, no studies have found retinal benefits through high cholesterol intake. Cholesterol
intake was not found to be associated with neovascular AMD risk in cross-sectional analysis of
AREDS, with early AMD in the Blue Mountains Eye Study or with early or late AMD in the
Melbourne cohort [40,42,45,58]. The Beaver Dam Eye and Blue Mountains Eye studies found an
association of high cholesterol intake with increased risk for early AMD [53,58] (Figure 21).

Figure 21. Odds or risk ratio for early AMD, late AMD or neovascular AMD (NEO);
high vs. low intake of dietary cholesterol: retrospective and cross-sectional studies.
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4.8. Total Fat

Only CAREDS has found a potential beneficial role of total fat intake. Women in CAREDS over
the age of 75 with a high fat intake appeared to be protected from intermediate AMD (OR = 0.50;
95% CI: 0.30, 1.00) [54] (Figure 22). Retrospective analysis of the Beaver Dam Eye study and
EDCC found no relationship between total fat intake and risk for neovascular AMD [40,53].
Similarly, cross-sectional analysis of the National Health and Nutrition Education Evaluation
Survey (NHANES) and several prospective cohorts did not find a relationship between total fat
intake and AMD risk [45,54,55,61]. It was found that those consuming the highest levels of total
fat were at increased risk for any stage of AMD, as well as increased risk for AMD progression in
the POLANUT study (p = 0.007), NHS + HPFUS (95% CI: 1.17, 2.01; p = 0.008, for trend) and a
study of 261 dry AMD patients (RR = 2.90; 95% CI: 1.15, 7.32; p = 0.01, for trend) [57,60] (Figure 23).

Figure 22. AMD odds or risk ratio; high vs. low intake of total fat: retrospective and
cross-sectional studies.
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Figure 23. Odds or risk ratio for AMD, intermediate AMD or progression to late
AMD; high vs. low intake of total fat: prospective studies.
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4.9. Animal versus Vegetable Fats

A few cohorts studied the associations of either animal or vegetable fats on AMD risk. The
EDCC did not find an association between animal fat intake and risk for neovascular AMD, but
found that compared to those consuming the lowest amounts of vegetable fat, those consuming the
highest amounts had an increased risk for neovascular AMD (OR = 2.84; 95% CI: 1.45, 5.57;
p = 0.006, for trend) [40] (Figure 15). Furthermore, a prospective study of 261 dry AMD patients
found that over 4.6 years, compared to those consuming the lowest levels of vegetable fat, those
consuming the highest levels were at an increased risk for progression to advanced AMD
(RR =3.82;95% CI: 1.58, 9.28; p = 0.003, for trend) [57] (Figure 15).

4.10. Summary

To date, the body of observational epidemiologic data indicates that increased consumption of
EPA and DHA reduces risk for neovascular and early AMD. However, such a relationship was not
ascertained between consumption of omega-6 fatty acids and risk for AMD in the majority of
studies that analyze this relationship. The relation of fish consumption and AMD is not as strong as
the DHA and EPA components of fish individually. This suggests that the benefits of omega-3 fatty
acids might be attenuated, due to interactions with other components of fish, such as omega-6 fatty
acids [25]. In addition, the foods consumed with the fish and potential decreases in consumption of
other food groups to compensate for increased fish are difficult to disentangle and may confound
the results. The impact of monounsaturated and saturated fat consumption on AMD risk is unclear
at this time. This may be due in part to different analytic approaches across studies. Further
investigation into relationships between intakes of animal and vegetable fat, specifically trans-fat,
as well as cholesterol, and risk for AMD may be warranted.

5. Carotenoids
5.1. Lutein and Zeaxanthin

Lutein and zeaxanthin are the only carotenoids found at appreciable levels in the macula [49,62—66]
(Figures 24-34). In addition, their biophysical and biochemical capacities may play a role in the
pathogenesis and progression of retinal diseases. For example, lutein and zeaxanthin have the
ability to absorb blue light before it reaches the photoreceptors [67,68]. Furthermore, their
concentration and potential biologic function may be modified by diet or supplement use.

The EDCC found that high intakes (OR = 0.43; 95% CI: 0.20, 0.70; p < 0.001), as well as blood
levels (OR = 0.30; 95% CI: 0.20, 0.60; p < 0.001) of lutein/zeaxanthin were protective against
neovascular AMD [69,70] (Figure 29). Another case control study of 72 patients and 66 controls
corroborated this relationship and found that the prevalence of neovascular AMD was reduced in
patients with the highest intake of lutein compared to those with the lowest (OR = 0.19; 95% CI:
0.05, 0.67) [71] (Figure 29).
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Figure 24. AMD odds or risk ratio; high vs. low blood levels of lutein and/or

zeaxanthin: retrospective and cross-sectional studies.
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Figure 25. Odds or risk ratio for pigmentary abnormalities; high vs. low intake of lutein

and zeaxanthin: retrospective and cross-sectional studies.
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Figure 26. Odds or risk ratio for pigmentary abnormalities; high vs. low serum levels of

lutein and zeaxanthin: retrospective and cross-sectional studies.
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Figure 27. Odds or risk ratio for soft drusen; high vs. low intake of lutein and

zeaxanthin:retrospective studies.
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Figure 28. Odds or risk ratio for late AMD or geographic atrophy (GA); high vs. low

intake of lutein and zeaxanthin from food: retrospective and cross-sectional studies.

0.45

1
|
|
1
0.60

1
1 |
1
|
0.60
1
|

[
I
I
0.70
|
|

0.10

10.00

1.00

Yy 10 ¥o

0.10

sa3uv (2002)
dnoio sa3uy
vaziLn
Vo

sa3yv (0102)
Ie 2 uoppas
SOILANTD rav
NIALNT ‘YD

sazyv (0102)
le 32 uoppas
INIALNT ‘v

1l SANVHN (1002)
|e }J@ uewpad-salep
‘A 62-09
vaz/Lni
awyv 31v

weq Aead (9661)
|e }@ uewpiad-satey
‘vaz/ini
anv 31v1

sa3yv (6002)
le 3@ nyg
vaziani
AWy ALy

sa3yv (o102)
1e )2 uoppas
1$OILANID rav ‘NIFLNT
AWV 3LV

sazyv (0102)
|e )@ uoppas
INIALNT
[T ]

Figure 29. Odds or risk ratio for exudative or neovascular AMD; high vs. low intake or

blood levels of lutein and/or zeaxanthin: retrospective and cross-sectional studies.
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Figure 30. AMD odds or risk ratio; high vs. low intake of lutein and zeaxanthin:

prospective studies.
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Figure 31. Late AMD odds or risk ratio; high vs. low intake of lutein and zeaxanthin:

prospective studies.
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Figure 32. Neovascular AMD odds or risk ratio; high vs. low intake of lutein and

zeaxanthin: prospective studies.
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Figure 33. Odds or risk ratio for late AMD, severe AMD, geographic atrophy (GA),
exudative AMD (EXUD) or neovascular AMD (NEO); high vs. low intake or blood

levels of beta-carotene: retrospective and cross-sectional studies.
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Figure 34. Odds or risk ratio for exudative AMD (EXUD) or neovascular AMD
(NEO); high vs. low intake or blood levels of total carotenoids: retrospective and
cross-sectional studies.
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A number of cross-sectional studies support such findings. A study of 380 elderly English men
and women found that those with the highest plasma levels of zeaxanthin had less risk for any stage
of AMD than those with the lowest plasma levels (OR = 0.50; 95% CI: 0.24, 1.00). The
associations between AMD risk and plasma lutein or plasma lutein/zeaxanthin showed the same
trend, but were non-significant [72] (Figure 24). Cross-sectional analysis of the POLA (Pathologies
Oculaires Liées a I’Age Study) cohort revealed that those with the highest levels of zeaxanthin (OR
=0.07; 95% CI: 0.01, 0.58) or a combination of lutein and zeaxanthin (OR = 0.21; 95% CI: 0.05,
0.79) in their blood had a reduced risk for any stage of AMD, although the amount of lutein alone
in the blood (OR = 0.31; 95% CI: 0.09; 1.07) was not significantly associated with disease risk [73]
(Figure 24).

Cross-sectional analysis of NHANES III revealed that those aged 40-59 who consumed the
highest levels of dietary lutein and zeaxanthin had less risk for pigment abnormalities compared to
those who consumed the lowest amounts (OR = 0.10; 95% CI: 0.10, 0.30) (Figure 25). However,
these inverse relationships were not observed in the overall study population or among specific
ethnic groups for intake or blood levels of lutein and/or zeaxanthin (Figures 25 and 26). There was
no relationship between lutein/zeaxanthin blood levels and risk for soft drusen among any age
group of Non-Hispanic whites in the NHANES III cohort, nor was there a relationship between
lutein/zeaxanthin intake and risk for soft drusen among those aged 40-79 (Figure 27). Interestingly,
60—79-year-olds consuming the highest level of lutein/zeaxanthin did have a reduced risk for late
AMD (OR = 0.10; 95% CI: 0.00, 0.90) (Figure 28). However, this inverse relationship was not
observed in the overall NHANES III population [74]. Data from this cohort suggests that the
associations of lutein and zeaxanthin on risk for disease are highly related to the age of those
consuming these carotenoids.



153

Cross-sectional analysis at baseline of 4003 participants in the AREDS study indicated that
those in the third quartile of consumption of lutein/zeaxanthin had 20% reduced risk for drusen
compared to those in the first quartile of intake (OR = 0.80; 95% CI: 0.67, 0.97). Those in the third
quartile of lutein/zeaxanthin intake also had a reduced risk for late AMD (OR = 0.66; 0.49, 0.90)
(Figure 28). However, the association became non-significant in those subjects with the highest
consumption of lutein/zeaxanthin for both outcomes [52].

The beneficial roles of lutein and zeaxanthin in retina health are supported in data from small
intervention studies. Elderly men and women supplemented with 13.7 g/day lacto-wolfberry
(a potent source of zeaxanthin) for 90 days increased serum zeaxanthin levels and antioxidant
capacity in serum and also reduced pigment changes and soft drusen accumulation relative to the
placebo group [75]. A small trial of 108 German men and women supplemented daily with 12 mg
lutein and 1 mg zeaxanthin for six months increased MPOD compared to placebo (p < 0.001), a
change which was maintained even after supplementation stopped [76]. Another placebo controlled
trial of 49 elderly women showed that 12 mg/day of lutein supplementation significantly increased
MPOD after four months [49]. In another study of 100 men and women, it was shown that
increases in MPOD following lutein supplementation were dose-dependent [55,77]. In a small
study of 36 subjects, a statistically significant increase in MPOD and improvements in visual acuity
and contrast sensitivity were seen in subjects supplemented with 10 mg lutein, 2 mg zeaxanthin and
10 mg meso-zeaxanthin [78]. In a study of 108 early AMD patients, significant increases in MPOD
were seen in those supplemented with 20 mg lutein/day and in those supplemented with 10 mg/day
lutein plus 10 mg/day zeaxanthin [79]. Data from these trials should be regarded with caution,
because of their short duration and limited controls and/or clinical endpoints.

The Zeaxanthin and Visual Function study was a one-year randomized double-masked
placebo-controlled study to evaluate the benefits of zeaxanthin, separate from lutein, on visual
function, as well as the effects of combining lutein and zeaxanthin in patients with atrophic AMD.
Patients received either 8 mg zeaxanthin/day, 9 mg lutein/day (“faux placebo” group) or a
combination of both carotenoids. After one year, MPOD increased in all three groups and was not
different among the groups. Patients taking zeaxanthin experienced the greatest improvement in
high contrast visual acuity and clearance of central scotomas, which are areas of partially
diminished or entirely degenerated visual acuity surround by a normal field of vision. Patients
taking lutein experienced the most improvement in low contrast acuity and glare recovery. Patients
supplemented with both carotenoids saw the least improvement overall, which was attributed to a
competition between the carotenoids in the retina [80]. Similarly, a majority of AMD patients given
Ocuvite (supplement of 12 g lutein, 1 g zeaxanthin and antioxidants) in the Lutein Nutritional
Effects Measured by Autofluorescence (LUNA) study showed elevated MPOD. However, a
significant minority did not, perhaps owing to different absorption capacities between individuals.

The Carotenoids in Age-Related Maculopathy in Italians Study (CARMIS) was a randomized
intervention in which patients received a combination of 10 mg lutein, 1 mg zeaxanthin, 4 mg
astaxanthin and an antioxidant supplement or did not receive any supplements. After 24 months,
those receiving supplements had improved and stabilized visual acuity (p = 0.003), as well as
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improved contrast sensitivity at both 12 and 24 months (p = 0.001), compared to the non-supplemented
group [81].

The Lutein Antioxidant Supplement Trial (LAST) was a randomized, double-masked,
placebo-controlled trial of 90 atrophic AMD patients who either received 10 mg lutein, 10 mg
lutein with an antioxidant supplement or a maltodextrin placebo. In both groups that received
lutein, there was an improvement in MPOD (p < 0.05), visual acuity (p < 0.05) and contrast
sensitivity (at six, 12, 18 degrees, p < 0.05) after 12 months of supplementation. The group
receiving lutein alone also had improvements in the Amsler grid (p < 0.01), a grid of horizontal and
vertical lines used to monitor the central visual field and detect visual disturbances, and in glare
recovery (AREDS stage II, p = 0.02); AREDS stage IV, p = 0.05) [82]. In follow-up analysis it was
observed that those patients with the greatest increases in MPOD with lutein supplementation were
those with the lowest baseline levels, suggesting that lutein supplementation is most beneficial for
high risk patients [83]. The data also indicates a saturation of carotenoids in the macula [84].

Some studies did not find any associations of lutein and zeaxanthin on risk for AMD. Case
control studies of AMD patients, including data from the Beaver Dam Eye study and AREDS, did
not find any difference in blood levels of lutein/zeaxanthin between patients and controls, nor did
they report any effect of plasma lutein/zeaxanthin levels on risk for AMD [85-87] (Figures 24
and 29). Cross-sectional studies reported similar findings. A study comprised of 722 elderly
Japanese reported no difference in serum lutein/zeaxanthin between those with and without late AMD.
Analysis of EUREYE and the Beaver Dam Eye study also found no effect of lutein/zeaxanthin
intake on risk for early or late AMD [88-90] (Figures 28 and 29). Prospective studies also did not
find an effect of lutein and zeaxanthin intake on AMD risk or incidence of pigment abnormalities.
The Rotterdam cohort found no association between any stage of AMD and intake of
lutein/zeaxanthin [91]. Data from the Blue Mountains Eye Study found no effect of lutein and
zeaxanthin on risk for early AMD five years after baseline (OR = 1.00, 95% CI: 0.60. 1.60), on risk
for atrophic or neovascular AMD ten years after baseline (OR = 0.66; 95% CI: 0.48, 0.92) or on
risk for drusen 10 years after baseline [92,93] (Figures 34 and 35). Similarly, past or present intake
of lutein did not affect the five year incidence of pigment abnormalities in the Beaver Dam Eye
study [94]. Analysis of men and women in the NHS + HPFUS revealed that those with the highest
intakes of lutein and zeaxanthin did not have significantly less risk for early AMD than those with
the lowest intakes after adjusting for smoking status, BMI, age, energy intake, alcohol intake, fish
intake and use of hormone replacement therapy, and subsequent analyses did not find an
association between early or neovascular AMD and lutein/zeaxanthin intake [95,96] (Figures 30-32).
There was slightly lower risk for neovascular AMD among those who consumed high levels of
lutein and zeaxanthin from food (RR = 0.72; 95% CI: 0.53, 0.99), and this effect became more
robust in subgroups of this population (Figure 35). Men and women who consumed >250 mg/day
vitamin C (RR = 0.61; 95% CI: 0.38, 0.98) had a BMI of at least 25 (RR = 0.60; 95% CI: 0.39,
0.94) and were nonsmokers (RR = 0.41; 95% CI: 0.18, 0.97; p = 0.07, for trend); the highest level
of lutein/zeaxanthin intake was associated with a protective effect on neovascular AMD [96]
(Figure 32).
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Figure 35. Odds or risk ratio for early AMD indicators (SOFT DRUSEN, LESION) or
early AMD; high vs. low antioxidant index (AOX) intake or use of multivitamin
supplements: retrospective and cross-sectional studies.
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Finally, retrospective analysis of the NHANES III cohort suggested that elevated intake of these
carotenoids may increase risk for drusen appearance and AMD, with the effect appearing to be
driven by the most elderly participants [74]. In addition, a prospective study of 254 early AMD
patients showed that lutein/zeaxanthin intake was associated with increased risk for any stage of
AMD after controlling for age, smoking, family history, source study and follow-up duration [55]
(Figures 27 and 30).

5.2. Beta-Carotene

Beta-carotene is another carotenoid that has been investigated in many studies for its potential
ability to modulate AMD risk. The EDCC found that increased consumption (OR = 0.59; 95% CI:
0.40, 0.96; p = 0.03) and blood levels (OR = 0.30; 95% CI: 0.20, 0.50; p < 0.001 for trend) of
beta-carotene reduced the risk for neovascular AMD [69,70] (Figure 33). Further support was
found in a cross-sectional study of 722 elderly Japanese that reported that those with late AMD had
significantly lower serum levels of beta-carotene (p < 0.05) [88].

The remainder of studies evaluating the role of beta-carotene did not find an effect of this
carotenoid on risk for AMD. Case control studies, including the Blue Mountain Eye Study and
Beaver Dam Eye Study, did not find any difference in blood beta-carotene levels between AMD
patients and controls and found no association between serum beta-carotene levels and risk for
AMD [85,86,97,98]. Data from cross-sectional studies, including data from NHS, Beaver Dam Eye
Study and AREDS, are consistent with findings that beta-carotene has no effect on risk for pigment
abnormalities, AMD or drusen, respectively [52,90,97,99]. Prospective data from the Rotterdam
cohort and Baltimore Longitudinal Study of Aging show no association between beta-carotene
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intake or serum levels of beta-carotene, respectively, and risk for any stage of AMD. Similarly, in
the Blue Mountains Eye study, there was no association between beta-carotene intake and early
AMD five years after baseline or late AMD 10 years after baseline [92]. In the NHS + HPFUS,
there was also no association between beta-carotene intake and neovascular AMD [95]. The
Beaver Dam Eye Study found no association between past or present intake of beta-carotene and
risk for pigment abnormalities [94]. The Alpha Tocopherol Beta Carotene Study (ATBC) found
that beta-carotene supplementation alone had no effect on AMD risk (OR = 1.04; 95% CI: 0.74,
1.47) [91-95,100,101] (Figure 33).

5.3. Alpha-Carotene

In addition to beta-carotene, the EDCC also evaluated the effect of the isomer, alpha-carotene,
on risk for AMD. In this study, higher blood levels of alpha-carotene (OR = 0.50; 95% CI: 0.30,
0.80; p = 0.003, for trend) were associated with decreased risk for neovascular AMD [70].
Prospective analysis of the Beaver Dam Eye Study also found that those with an elevated past
intake of dietary alpha-carotene were at a reduced risk for the appearance of large drusen (OR = 0.52;
95% CI: 0.30, 1.00) [94]).

The remainder of case control and prospective studies, as well as more recent NHS data reported
that alpha-carotene does not significantly affect risk for AMD. Case-control analysis of patients in
the Beaver Dam Eye Study, EDCC and three additional studies did not find any association
between serum levels of alpha-carotene and any stage of AMD or any difference in blood levels of
alpha-carotene between AMD patients and controls [69,85,86,90,98,102].

5.4. Lycopene

Lycopene is commonly found in the American diet in tomato-based products [103]. Evidence
for a potential role of lycopene in retina health was found in a small case control study, which
found that AMD patients had less lycopene in their serum, LDL and HDL than in healthy controls
(» = 0.006) [85]. Similarly, a nested case-control study of 167 patients from the Beaver Dam Eye
Study found that higher lycopene blood levels were associated with decreased risk for any stage of
AMD (OR = 0.45; 95% CI: 0.22, 0.91) [98].

The remaining observational, cross-sectional and prospective studies did not find a relationship
between lycopene and AMD. The EDCC found no association between intake or blood levels and
risk for neovascular AMD (OR = 0.80; 95% CI: 0.50, 1.30; p = 0.4, for trend) [69,70].
Furthermore, cross-sectional analysis of elderly Japanese found no association between serum
lycopene levels and late AMD risk, and cross-sectional analysis of the Beaver Dam Eye Study
found no effect of lycopene intake and risk for early or late AMD. Prospective studies, such as the
Rotterdam cohort and Blue Mountains Eye study, found no association between lycopene intake
and any stage AMD or early AMD, respectively (HR = 1.01; 95% CI: 0.97, 1.04) (OR = 0.80; 95%
CI: 0.50, 1.40) [91,92]. Recent NHS data found no association between serum lycopene levels and
risk for pigment abnormalities, and the NHS + HPFUS found no association between early or
neovascular AMD and lycopene intake [95].
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5.5. Cryptoxanthin

Cryptoxanthin is a carotenoid found in foods, such as avocado, basil and mango [103]. The
EDCC and a cross-sectional analysis of 722 elderly Japanese found that increased blood levels of
cryptoxanthin were associated with decreased risk for any stage of AMD [88]. The remaining
studies did not find any associations between cryptoxanthin and AMD. A case control study did not
find any difference in blood cryptoxanthin levels between patients and controls [85]. The Beaver
Dam Eye study found no association between serum levels of beta-cryptoxanthin and risk for any
stage of AMD [98]. The EDCC Beaver Dam Eye study, Rotterdam study, Blue Mountains Eye
study and NHS + HPFUS also showed that intake of cryptoxanthin had no effect on risk for
neovascular, early or late AMD [69,90-92,95].

5.6. Total Carotenoids

Total carotenoid levels have also been analyzed for their potential to confer retinal benefit. In
the EDCC, increasing intake of total carotenoids was associated with decreased risk for
neovascular AMD (OR = 0.57; 95% CI: 0.35, 0.92; p = 0.02, for trend) [69], and analysis of blood
levels corroborated these relationships: OR = 0.34 (95% CI: 0.21, 0.55; p < 0.001, for trend)
(Figure 34) [70]. Similar results were obtained when AMD cases were compared to controls
without large drusen. Another smaller case-control study with 48 AMD patients found that total
carotenoid plasma levels were significantly lower in patients with late AMD compared to those in
the early stages of the disease (p < 0.05), although there was no difference in plasma levels
between AMD patients and healthy controls [104]. This may imply that carotenoids play a more
important role in disease progression rather than disease onset. This finding is comparable to that of
another case-control study of 197 Japanese men and women that reported that eyes with early
AMD and the normal eye of an AMD patient had comparable macular carotenoid levels, which
were both higher than those of an eye with late AMD (p < 0.001). However, in this study, macular
carotenoid levels of all AMD patients were also significantly lower than those of age-matched
healthy subjects (p < 0.001), as determined by Raman spectroscopy [105].

Despite these reported beneficial effects of carotenoids on the retina, four case-control studies
did not find any difference in blood levels of total carotenoids between AMD patients and healthy
controls [85,86,106,107]. Furthermore, prospective analyses of the NHS + HPFUS found no
association between early or neovascular AMD and total carotenoid intake [95] (Figure 34).

5.7. Summary

Taken together, these observational studies suggest that of all of the carotenoids studied, lutein
and zeaxanthin may confer the most benefit to the retina. These benefits may be specific for certain
types or stages of AMD. Advanced AMD shows the most consistent inverse relationships between
lutein intake and risk for lesions. Data concerning the effects of lutein and zeaxanthin on outcomes,
such as visual acuity and contrast sensitivity, suggest that 10 mg of lutein/day, without zeaxanthin,
may confer the most retinal benefit. That said, intervention studies, such as AREDS II, will clarify
the role of these carotenoids in the risk for onset and progression of specific AMD outcomes.
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6. Vitamin A

Analysis of vitamin A/retinol intake and blood levels has also been examined for its role in
retinal health, as many carotenoids are byproducts of vitamin A. NHANES I found that those who
consumed increased amounts of fruits and vegetables rich in vitamin A had a decreased risk for any
stage of AMD (OR = 0.59; 95% CI: 0.37, 0.99) [108]. Also, a prospective analysis of the Beaver
Dam Eye Study found that those with an elevated past intake (OR = 0.53; 95% CI: 0.30, 1.00) or
current intake (OR = 0.45; 95% CI: 0.20, 1.00) of pro-vitamin A carotenoids were at a reduced risk
for the appearance of large drusen [94].

Case control analyses found that patients and healthy controls did not have different
plasma levels of vitamin A and that plasma levels were not different in different stages of
AMD [86,104,106,107]. Additionally, EDCC and AREDS found that intake of retinol did not
modulate risk for neovascular AMD [69,99]. Cross-sectional analyses found no relationship
between intake of vitamin A rich food and AMD risk in NHANES III or between intake of retinol
or vitamin A and pigment abnormalities in the NHS [102,108]. Prospective analysis of the Blue
Mountain Eye study found that vitamin A and retinol intake did not affect risk for AMD [92].
Additionally, prospective data from the Baltimore Longitudinal study showed no effect of plasma
retinol levels and severe AMD risk, and the NHS + HPFUS found no association between early or
neovascular AMD and vitamin A intake [95,100]. Analysis of four examinations from the Beaver
Dam Eye Study showed that supplementation with vitamin A was associated with an increased risk
for late AMD (OR = 3.05; 95% CI: 1.60, 5.82) [109]. In summary, the epidemiologic data
regarding the relationship between vitamin A/retinol intake and blood levels and the risk of AMD
are mixed, and no reliable trend can be reported.

7. Vitamin E

Vitamin E (alpha-tocopherol) is a lipophilic antioxidant that some studies suggest has a role in
retina health and diminishing risk for AMD. A case-control study of 48 AMD patients indicated
that plasma vitamin E levels were significantly lower in patients with late AMD compared to
patients with early AMD or healthy age-matched controls (p < 0.05), and these effects remained
even after adjusting for cholesterol levels. This adjustment is of interest, because vitamin E is lipid
soluble and associates with cholesterol on lipoprotein particles [104]. Another case-control study of
25 elderly AMD patients found that vitamin E serum levels were significantly lower in AMD
patients compared to healthy controls (p < 0.001). In this study, patients and controls had similar
cholesterol levels [110]. A third case-control study found that comparison of serum vitamin E
levels in 35 AMD patients with 66 controls showed that vitamin E was inversely associated with
risk for AMD [107].

Cross-sectional analysis of the 2584 participants of the POLA study showed that after adjusting
for plasma lipid levels, those with the highest levels of plasma vitamin E had a reduced risk for
signs of early AMD, such as pigment changes or soft drusen (OR = 0.72; 95% CI: 0.53, 0.98;
p = 0.04, for trend) and late AMD (OR = 0.18; 95% CI: 0.05, 0.67; p = 0.004, for trend) [111].
These associations remained even in populations of different ethnicity. A cross-sectional study of
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722 elderly Japanese found that patients with late AMD had marginally significant lower levels of
serum alpha-tocopherol than healthy controls (p = 0.056) [88]. Baseline analysis of 4003
participants of the AREDS cohort indicated that those consuming the highest amounts of vitamin E
had a marginally reduced risk for late AMD compared to those consuming the smallest amounts
(OR =0.66; 95% CI: 0.45, 0.99; p = 0.052, for trend) [52].

Some prospective study data corroborate the cross-sectional data. The Baltimore Longitudinal
Study of Aging indicated that among 976 men and women, those with the highest plasma
tocopherol levels were at a reduced risk for any stage of AMD, even after adjusting for age, gender
and nuclear opacity (OR = 0.43; 95% CI: 0.25, 0.73) [100]. In the Rotterdam prospective cohort,
vitamin E intake was also associated with a slight reduction in risk for AMD (HR = 0.92; 95% CI:
0.84, 1.00) [91]. Among 498 women in the NHS, increasing amounts of vitamin E intake were
associated with a decreased prevalence of pigment abnormalities, an indicator of early AMD [102].

There is also a significant amount of case control, prospective and intervention data suggesting
that there is no relationship between vitamin E levels and AMD risk. A case-control study of 167
cataract patients from the Beaver Dam Eye Study revealed that there was no association between
alpha-tocopherol (OR = 0.80; 95% CI: 0.40, 1.50) serum levels or gamma-tocopherol (OR = 1.30;
95% CI: 0.70, 2.40) serum levels and any stage of AMD. The EDCC and an additional study of
26 neovascular patients also found no association between serum vitamin E levels and risk for
AMD [70,98,106]. Furthermore, a case-control study with 34 AMD patients found no difference in
serum, LDL or HDL levels of alpha- or gamma-tocopherol between AMD patients and healthy
controls [85]. Additionally, case-control studies comprised of 56-165 AMD patients found no
difference in blood alpha-tocopherol levels between patients and healthy controls [86,97,112]. The
EDCC found no association between vitamin E intake (OR = 1.07; 95% CI: 0.63, 1.84; p = 0.98,
for trend) or supplementation (OR = 0.97; 95% CI: 0.6, 1.50, p = 0.28, for trend) and risk for
neovascular AMD (OR = 1.46; 95% CI: 0.88, 2.44) [69]. Similarly, in case-control analysis of the
AREDS, there was no association between vitamin E intake and risk for drusen, geographic atrophy
or neovascular AMD [99].

Cross-sectional analysis of the AREDS population revealed that intake of vitamin E was not
associated with risk for drusen [52]. Retrospective analysis of the Beaver Dam cohort (n = 1968)
also indicated that past intake of vitamin E with or without supplementation did not have a
significant effect on early or late AMD [90]. Cross-sectional analysis of 4753 elderly men and
women found no increased risk for neovascular AMD in those with the lowest plasma levels of
alpha-tocopherol (OR = 0.82; 95% CI: 0.47, 1.41) [89]. In prospective analysis of the Beaver Dam
cohort, past intake of vitamin E was associated with a decreased risk for large drusen five years
after baseline (OR = 0.40; 95% CI: 0.20, 0.90; p = 0.04 for trend), but there was no association
with present vitamin E intake or past or present vitamin E supplementation, nor was there an
association between past or present intake of vitamin E and risk for pigment abnormalities [94]. In
the Physicians’ Health Study, vitamin E supplementation was not associated with risk for any stage
of AMD (RR = 0.87; 95% CI: 0.53, 1.43) [113]. Similarly, a prospective analysis of 118,428 men
and women who participated in the NHS + HPFUS showed that vitamin E intake had no effect on
risk for early or neovascular AMD [95].



160

The Women’s Health Study (WHS), a randomized double-masked placebo controlled trial, gave
39,421 women either 600 IU vitamin E every other day or placebo for 10 years. After adjusting for
age, aspirin intake and beta-carotene, vitamin E had no effect on risk for visually significant AMD
(RR =0.93; 95% CI: 0.72, 1.19), late AMD (RR = 1.13; 95% CI: 0.67, 1.92) or AMD with or without
vision loss (RR = 0.90; 95% CI: 0.77, 1.06) [114]. The ATBC Study gave subjects either daily
supplements of 50 mg vitamin E, 20 mg beta-carotene, both or placebo, and after five to eight years
of intervention, alpha-tocopherol supplementation alone had no effect on risk for AMD (OR = 1.13;
95% CI: 0.81, 1.59) [101]. The Vitamin E and Age-related Cataract and Maculopathy (VECAT), a
clinical trial of 1193 elderly participants, indicated that supplementation with 500 IU vitamin E for
four years also had no effect on incidence of early AMD (RR = 1.05; 95% CI: 0.69, 1.61) or late
AMD (RR = 1.36; 95% CI: 0.67, 2.77) [115]. Lastly, in a randomized, double masked,
placebo-controlled trial of 14,236 male physicians over the age of 50, alternate day use of 400 IU
of vitamin E for an average of eight years had no effect on diagnosis of AMD (HR, 1.03; 95% CI,
0.78-1.37) [116].

A 10 year follow-up of subjects from the Blue Mountains Eye study showed those with the
highest intakes of vitamin E were at greater risk for late stage atrophic AMD (RR = 2.55; 95% CI:
1.14, 5.70), and there was no association between vitamin E intake and neovascular AMD
(RR = 1.96; 95% CI: 0.74, 5.15) [93]. Analysis of all four examinations of the Beaver Dam Eye
study reported a positive association between vitamin E supplementation and incident late AMD
(OR =1.78; 95% CI: 1.04, 3.05) [109].

While there is a large body of evidence to say there is an inverse relationship between vitamin E
consumption and risk for AMD, there is also a substantial amount of evidence to say that no
relationship exists. Some evidence even suggests a direct relationship with certain stages of AMD.
Overall, there is not a consistent relationship from the data to date.

8. Vitamin C

Case control, observational and prospective analyses do not suggest that vitamin C
plays a large role in modulating AMD risk. This includes exposure to vitamin C in blood
supplements or diet, some of which monitored intake over 10 years and/or were from large
cohorts [61,62,92-96,98,101,111-113,116]. Nevertheless, in a case control study of 48 Italian
AMD patients, it was found that patients with late AMD had significantly lower plasma vitamin C
levels than those patients with early AMD (p < 0.05), but there was no difference in plasma levels
of vitamin C between AMD patients and healthy controls [104]. Additionally, a case control
study of 56 AMD patients found significantly decreased serum vitamin C levels in AMD
patients compared to controls [112]. This may be attributable to the small sample size of the
study [89,111,112].

Two different cross-sectional analyses of the baseline data from AREDS (of 4519 and
4403 participants) studied the effects of a single nutrient or groups of nutrients on AMD risk, and
both analyses indicated that after multivariate adjustment, vitamin C intake alone had no
association with drusen formation, late AMD, geographic atrophy or neovascular AMD [52,99].
Analyses of the Beaver Dam Eye Study found that past intake of vitamin C (with or without
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supplements) did not have a significant effect on risk for early or late AMD [90]. Prospective
analyses, including the Physician’s Health Study, Rotterdam study, Baltimore Longitudinal, Blue
Mountains Eye Study, Beaver Dam Eye Study and NHS + HPFUS, also indicate that vitamin C
intake or blood levels are not associated with risk for AMD; respectively, [91,93,94,100,113]. In a
randomized, double masked placebo controlled trial of 14,236 male physicians, daily
supplementation of 500 mg vitamin C for eight years had no effect on risk for AMD (HR, 0.99;
95% CI, 0.75-1.31) [116].

Data collected at four different examinations of the Beaver Dam Eye Study found that use of
vitamin C supplements was associated with increased risk for late AMD (OR = 2.47; 95% CI: 1.40,
4.80) [109]. This corroborated data from the Blue Mountains Eye Study, which found that those
with the highest intakes of vitamin C had an increased risk for early AMD after five years,
compared to those with the lowest intakes of vitamin C (OR = 2.30; 95% CI: 1.30, 4.00; p = 0.002,
for trend) [92].

Overall, the body of epidemiological evidence does not inform a consistent relationship between
Vitamin C and risk for AMD, and further investigation is warranted.

9. Antioxidant Combinations or Multivitamins

The case-control EDCC found no effect of multivitamin supplementation on risk for
neovascular AMD (OR = 0.82; 95% CI 0.57, 1.18). There was, however, an association between
antioxidant index and late AMD [69]. Participants who had the highest blood levels of selenium,
vitamin C or vitamin E, had a reduced risk for neovascular AMD (OR = 0.30; 95% CI: 0.10, 0.70;
p = 0.005, for trend) compared to those who had the lowest amounts of at least three of the
nutrients [70] (Figure 36).

Figure 36. Odds or risk ratio for late AMD, exudative AMD (EXUD) or neovascular
AMD (NEO); high vs. low antioxidant index (AOX) intake or blood levels or use of
multivitamin supplements: retrospective and cross-sectional studies.
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In cross-sectional analysis of 4003 participants in AREDS, a compound score, which included
dietary intake of vitamin E, vitamin C, zinc, lutein/zeaxanthin, DHA, EPA and low dietary glycemic
index was created to compare overall diet to the risk for AMD. Low scores indicated lowest intake
of such nutrients and vice versa. Compared to those subjects with the lowest score, those with the
highest score were at a reduced risk for drusen (OR = 0.75; 95% CI: 0.60, 0.93; p = 0.048, for
trend) and late stage AMD (OR = 0.58; 95% CI: 0.40, 0.82; p = 0.002, for trend) [52] (Figures 35
and 36). Additionally, in prospective analyses, the Rotterdam study indicated that after adjusting
for age, sex, BMI, smoking, blood pressure, atherosclerotic score, alcohol intake and total
cholesterol, subjects that had intakes of beta-carotene, vitamin C, vitamin E and zinc above the
median had reduced risk for AMD (HR = 0.65; 95% CI: 0.46, 0.92) [91] (Figure 37).

Figure 37. Odds or risk ratio for AMD, early AMD or neovascular (NEO) AMD; high
vs. low intake of antioxidant combination or use of multivitamin supplement:
prospective studies, intervention.
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In the randomized, double masked, placebo controlled AREDS study, participants either
received an antioxidant cocktail or placebo, Results indicated that supplementation with a cocktail
of beta-carotene, vitamin E, vitamin C, zinc and copper reduced progression from intermediate to
advanced AMD by 34% (95% CI: 0.47, 0.91) over about six years of follow-up [92,117,118]
(Figure 37). Another clinical trial of 27 patients with early AMD showed that daily
supplementation with 180 mg vitamin C, 30 mg vitamin E, 22.5 mg zinc, 1 mg copper, 10 mg
lutein, 1 mg zeaxanthin and 4 mg astaxanthin improved function in the central retina as measured
by electroretinogram (p < 0.01) (data not shown) [119].

In a double-masked, placebo controlled trial of dry AMD patients, it was shown that
supplementation with vitamin E, zinc, magnesium, vitamin B6 and folate for 18 months maintained
visual acuity, compared to placebo treatment, in which there was a decrease in visual acuity (p = 0.03).
The antioxidant supplement group also reported greater vision stability in the areas of visual acuity
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and contrast sensitivity (p = 0.05) [120]. Another double-masked, placebo controlled trial of dry
AMD patients found that supplementation with antioxidants and omega-3 fatty acids maintained
visual acuity over six months, while the placebo group lost visual acuity (p < 0.05) [121].

The Carotenoids with Co-antioxidants in Age Related Maculopathy (CARMA) trial, a
randomized, double masked placebo controlled clinical trial, gave 433 adults a daily dose of 12 mg
lutein, 12 mg alpha tocopherol, 150 mg vitamin C, 20 mg zinc oxide and 0.4 mg copper gluconate.
It was found that eyes in the supplemented group progressed along the AMD severity scale at a
slower rate compared to the placebo group. However, there was no statistically significant
difference between development of AMD in the supplemented versus placebo group [122]. Among
the evidence that challenges a role for antioxidants and AMD is a case-control study of 72 cases
and 66 controls, which could not find a significant association between antioxidant intake and
AMD (OR = 0.56; 95% CI: 0.19, 1.67) [71] (Figure 36). A cross-sectional analysis of 1968
participants of the Beaver Dam Eye Study showed that dietary antioxidants (measured with an
antioxidant index) had no association with risk for early or late AMD [90] (Figures 35 and 36). A
cross-sectional analysis of the baseline data from 2873 participants of the Blue Mountains Eye
Study found vitamin supplements to be without effect on risk for early AMD (OR = 1.30; 95% CI:
0.90, 1.70) [123] (Figure 35). There was also no effect on risk for soft drusen (OR = 1.10; 95% CI:
0.80, 1.50) or AMD lesions (OR = 1.50; 95% CI: 0.70, 3.00) [123] (Figure 35). Further,
prospective analysis of four examinations of the Beaver Dam Eye Study indicated that
multivitamin supplementation had no effect on early or late AMD [109]. Among women in the
NHS, as well as men in the HPFUS, there was no association between risk for early or neovascular
AMD and use of a multivitamin supplement [95] (Figure 37). Finally, the Physicans Health Study
reported that supplementation with a multivitamin had no effect on AMD (RR = 0.90; 95% CI:
0.68, 1.19) [113] (Figure 37).

Epidemiologic support for the value of antioxidant combinations deserves additional study. The
AREDS trial indicates that multivitamin supplementing may be beneficial, and several smaller
studies have corroborated such results. In addition, some studies have found that a dietary intake
high in nutrients with antioxidant properties reduces risk of early AMD in individuals with high
genetic risk [124]. Clearly, data from the AREDS II trial should be invaluable to determine whether
or not supplementation with individual or specific combinations of nutrients provides advantage
with regard to preserving retinal integrity. Furthermore, since multivitamins do not appear to be
harmful to the retina, use of a supplement or eating a diet rich in fruits and vegetables may be an
advisable practice, as well as consuming a diet rich in antioxidants, especially in those at high
genetic risk [25,124].

10. Zinc

Zinc is essential for many physiological processes, including immunity, reproduction and
neuronal development [125]. Since concentrations of zinc are very high in the retina, it has been
hypothesized that zinc supplementation may aid retinal health.

There have been no case-control investigations of zinc and AMD risk. Retrospective analysis of
1968 participants of the Beaver Dam Eye study found that compared to people with the lowest
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amount of zinc intake from foods, those with the highest amount had a reduced risk for early AMD
(OR = 0.60; 95% CI: 0.40, 1.00; p < 0.05). There was no association with late AMD [90] (Figure 38).

A cross-sectional study of 44 subjects indicated that while there was no difference in zinc and
copper levels in the neural retina (analyzed ex vivo) between healthy subjects and those with AMD
(p > 0.09), there was significantly less zinc and copper in the RPE and choroid in AMD patients
compared to healthy subjects (p = 0.002) [126].

Prospective analysis of the Rotterdam study showed that among 4170 participants, increased
consumption of zinc was associated with a reduced risk for any stage of AMD (HR = 0.91; 95%
CI: 0.83, 0.98) [91] (Figure 39). Data from 1709 participants of the Beaver Dam Eye Study
indicated that there was a decrease in risk for pigment abnormalities five years after baseline for
those with past zinc intake (food and supplements) in the highest quintile (OR = 0.38; 95% CI:
0.20, 1.00; p = 0.03, for trend) [94] (Figure 39). A 10 year follow-up analysis showed that those
with the highest zinc intake were at a reduced risk for any type of AMD (OR = 0.56; 95% CI: 0.32,
0.97), as well as early AMD (OR = 0.54; 95% CI: 0.32, 0.97), compared to all other participants [93]
(Figure 39).

Figure 38. Odds or risk ratio for early AMD indicators, early AMD or late AMD; high

vs. low intake of zinc: retrospective and cross-sectional studies.
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Figure 39. Odds or risk ratio for AMD, early AMD or late AMD,; high vs. low intake
(with or without supplements) of zinc: prospective and intervention studies.
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In AREDS, participants who consumed zinc were less likely to progress from intermediate to
more advanced AMD than those who did not (OR = 0.79; 95% CI: 0.62, 0.99). However, there was
no significant effect of zinc supplementation on progression to late AMD when the analysis
included those with grade 2 AMD [117] (Figure 39). Other than the AREDS study, there have been
a few clinical trials that have analyzed the effect of zinc on AMD. In a study of 90 subjects,
Newsome ef al. found that 100 mg zinc twice a day for two years reduced vision loss (one-tailed
p =0.001) [127]. Although this dose of zinc has been thought to induce toxicity in some patients,
adverse effects related to zinc toxicity were not observed in the study population [127-129].
Another trial of 80 dry AMD patients found that supplementation with 25 mg zinc monocysteine
twice a day for six months improved several indicators of retinal function, such as visual acuity,
contrast sensitivity and macular flash recovery time (p < 0.0001) [130].

A large cross-sectional study of 2,873 participants of the Blue Mountains Eye Study found that
zinc had no effect on early AMD [123]. This finding was confirmed in second analysis of slightly
more subjects (3654) from the same study for early (OR = 0.80; 95% CI: 0.50, 1.30) or late AMD
(OR = 1.00; 95% CI: 0.40, 2.80) [131] (Figure 38). Similarly, five years after baseline, zinc intake
had no effect on early AMD incidence [92]. Swenor et al. found that compared to those who
consumed less than 0.07 servings per week of fish with a high zinc content (for example, crab and
oysters), those who consumed more than 0.07 servings per week did not have any change in risk
for the appearance of drusen, pigment abnormalities or late AMD [59] (Figure 38).

A prospective study of 104,208 elderly men and women also showed that there was no
association between risk for AMD and ten years of zinc intake (RR = 1.13; 95% CI: 0.82, 1.57) [132]
(Figure 39). Compared to those with the lowest amount of zinc intake from food, those with the
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highest food intake did not have a reduced risk of AMD (RR = 1.04; 95% CI: 0.59, 1.83) [132]
(Figure 39). There was also no association between AMD risk and zinc supplementation
(RR =1.04; 95% CI: 0.75, 1.45) [132] (Figure 39).

Although two trials have shown that zinc alone can improve vision, a placebo-controlled trial of
112 AMD subjects found that 200 mg zinc per day for two years had no effect on vision [133].
Analysis of the Beaver Dam Eye Study indicated that use of zinc supplements was associated with
an increased risk for late AMD (OR =2.11; 95% CI: 1.09, 4.07) [109] (Figure 39). In summary, the
data to date is not robust, and we should await results from AREDS II to determine if zinc

supplementation confers protection with regard to retinal function.
11. Vitamin D

There have been only a few observational studies regarding the role of vitamin D in
ameliorating AMD risk [134] (Figures 40-42). Parekh et al. found that among 7752 participants of
NHANES III, non-Hispanic whites with the highest serum levels of 1,25(OH) vitamin D had a
reduced risk for early AMD (OR = 0.64; 95% CI: 0.40, 0.90) compared to those with the lowest
serum levels (Figure 40). However, there was no beneficial effect in non-Hispanic blacks or
Mexican Americans (Figure 40). Combining all races, there was also a reduced risk for soft drusen
in those with the highest serum levels of 1,25(OH)2 vitamin D compared to those with the lowest
levels (OR = 0.76; 95% CI: 0.60, 0.96) (Figure 40). There was no effect of serum levels of vitamin
D on the appearance of pigment abnormalities or advanced AMD (Figure 40). Adjustments for sex
and other covariates did not influence the observations [134].

Figure 40. Odds ratio for early AMD, indicators of early AMD (PIG AB, SOFT DRUSEN)
or advanced AMD; high vs. low serum levels of vitamin D: retrospective studies.
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Figure 41. Odds ratio for early AMD, indicators of early AMD (PIG AB, SOFT
DRUSEN) or advanced AMD; high vs. low intake of milk or fish in those at least 40
years of age: retrospective studies.
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Figure 42. Odds ratio for early AMD, indicators of early AMD (SOFT DRUSEN, PIG
AB) or advanced AMD upon vitamin D supplementation in in those at least 40 years of
age who do not consume milk daily: retrospective studies.
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Millen et al. examined 1313 postmenopausal women and found a protective association of
vitamin D status with the prevalence of AMD. In women younger than 75 years who had
25-hydroxyvitamin D (25[OH]D) concentrations higher than 38 nmol/L, there was a 48% decrease
in the odds of early AMD. Adjustment for BMI and physical activity attenuated this observation.
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However, a statistically significant direct association between 25(OH) D and early AMD was
observed in women aged 75 years or older (p for trend = 0.05). Additionally, significantly
decreased odds of developing early AMD were observed among women in the fifth quintile for
vitamin D intake [135].

Milk and fish are two of the most common sources of vitamin D in the American diet, and in
exploratory analyses of the NHANES III study, it was found that among participants at least 40 years
of age, those who consumed milk at least daily were at a reduced risk for early AMD (OR = 0.75;
95% CI: 0.60, 0.90) and soft drusen (OR = 0.80; 95% CI: 0.70, 0.98), compared to those who
consumed it less than weekly (Figure 41). Pigment abnormalities and advanced AMD were not
affected by milk consumption (Figure 41). In CAREDS, among women under age 75, those with
the highest consumption of low-fat dairy products were at a reduced risk for intermediate AMD
(OR = 0.50; 95% CI: 0.30, 0.80) [54] (Figure 15). Those over the age of 40 who consumed fish at
least once a week were at a reduced risk for soft drusen (OR = 0.80; 95% CI: 0.70, 0.97) and
advanced AMD (OR = 0.41; 95% CI: 0.20, 0.90), compared to those who consumed fish less than
twice a month (Figure 41). For those in this age group that did not consume milk daily,
supplementation did attenuate early AMD risk (OR = 0.67; 95% CI: 0.50, 0.90), but not risk for
soft drusen, pigment abnormalities, or advanced AMD [134] (Figure 42). Although risk for early
AMD did not correspond to risks associated with early AMD indicators, results of this study do
leave open the possibility that vitamin D may help decrease risk for certain forms of AMD. The
majority of data suggest a protective effect of Vitamin D on risk of certain forms of AMD.

12. Dietary Patterns

Diet is a potentially modifiable risk factor for AMD. As shown in the above sections, different
nutritional factors may influence the development and/or progression of AMD. However, dietary
components may interact with each other, either in a single food or a meal, and alteration in intake
or elimination of one food may increase intake of another [136]. As shown above, associations of
single nutrients and AMD are often inconsistent across studies. In addition, it is often difficult to
disentangle single aspects of a diet or lifestyle from each other [137]. Examining overall diet
quality in relation to AMD may better account for the relationships among different diet
components [136].

A case control study of 696 men and women (437 AMD patients and 259 unrelated controls),
measured dietary information using a 97-item block food frequency questionnaire, Health Habits
and History Questionnaire (HHHQ)-DietSys Analysis software, Healthy Eating Index (HEI) and
the Alternate Healthy Eating Index (AHEI). Those who were in the highest quartile, compared to
the lowest, of diet quality using the AHEI, but not HEI, score were at significantly decreased odds
of AMD (0.54, 95% CI 0.30-0.90). This may be due to the fact that the AHEI utilizes specific
modifications to incorporate nutritional parameters related to chronic disease, such as emphasis on
fat quality in addition to quantity [136]. In a study of 2005 women enrolled in CAREDS, diet
quality was measured using a modified 2005 Healthy Eating Index score, and a six point healthy
lifestyle score (HLS). Women in the highest quintile compared to the lowest for the mHEI score
had 46% lower odds for early AMD (OR = 0.54; 95% CI, 0.33-0.88). Women whose diet scores



169

were in the highest quintile, compared to the lowest, had diets significantly lower in fat (as a
percent of energy) and diets higher in median servings of fish, vegetables, dairy, grains and meats
or alternatives. The higher quintiles compared to the lower also had more physical activity and
fewer years of smoking, lower likelihood of hypertension, lower systolic blood pressure, lower
BMI and lower level of serum C-reactive protein. Furthermore, women who had a HLS score of
six, which reflected the healthiest of three score components (smoking, physical activity and diet),
had 71% lower odds for early AMD compared to those with scores 0-2 [137].

11. Conclusions

The proportion of the aged in many societies is growing exponentially. This imposes huge
compromises to the public health budgets that must advance quality of life and avoid medical costs
for these elderly citizens. Effective means to prevent progress to advanced AMD are clearly crucial
toward this end. It appears that a diet that is regularly rich in fruits and vegetables, with sufficient
fish, supports good retina health. Supplementation should be considered in the absence of sufficient
regular dietary supplies of omega-3 fatty acids, lower glycemic index diets and several
micronutrients. Overall healthy lifestyles, including diet, appear to also be beneficial for AMD. The
results of the AREDS II trial will inform about the utility of nutrients, e.g., lutein, zeaxanthin, beta
carotene and zinc with regard to retinal function.
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Observation of Human Retinal Remodeling in Octogenarians
with a Resveratrol Based Nutritional Supplement

Stuart Richer, William Stiles, Lawrence Ulanski, Donn Carroll and Carla Podella

Abstract: Purpose: Rare spontaneous remissions from age-related macular degeneration (AMD)
suggest the human retina has large regenerative capacity, even in advanced age. We present
examples of robust improvement of retinal structure and function using an OTC oral resveratrol
(RV) based nutritional supplement called Longevinex® or L/RV (circa 2004, Resveratrol Partners,
LLC, Las Vegas, NV, USA). RV, a polyphenolic phytoalexin caloric-restriction mimic, induces
hormesis at low doses with widespread beneficial effects on systemic health. RV alone inhibits
neovascularization in the murine retina. Thus far, published evidence includes L/RV mitigation of
experimentally induced murine cardiovascular reperfusion injury, amelioration of human
atherosclerosis serum biomarkers in a human Japanese randomized placebo controlled trial,
modulation of micro RNA 20b and 539 that control hypoxia-inducing-factor (HIF-1) and vascular
endothelial growth factor (VEGF) genes in the murine heart (RV inhibited micro RNA20b 189-
fold, L/RV 1366-fold). Little is known about the effects of L/RV on human ocular pathology.
Methods: Absent FDA IRB approval, but with permission from our Chief of Staff and medical
center IRB, L/RV is reserved for AMD patients, on a case-by-case compassionate care basis.
Patients include those who progress on AREDS II type supplements, refuse intra-vitreal anti-VEGF

® or Eylea®. Patients are clinically followed

injections or fail to respond to Lucentis®, Avastin
traditionally as well as with multi-spectral retinal imaging, visual acuity, contrast sensitivity, cone
glare recovery and macular visual fields. Three cases are presented. Results: Observed dramatic
short-term anti-VEGF type effect including anatomic restoration of retinal structure with a
suggestion of improvement in choroidal blood flow by near IR multispectral imaging. The visual
function improvement mirrors the effect seen anatomically. The effect is bilateral with the added
benefit of better RPE function. Effects have lasted for one year or longer when taken daily, at
which point one patient required initiation of anti-VEGF agents. Unanticipated systemic benefits
were observed. Conclusions: Preliminary observations support previous publications in animals
and humans. Restoration of structure and visual function in octogenarians with daily oral
consumption of L/RV is documented. Applications include failure on AREDS II supplements,
refusing or failing conventional anti-VEGF therapy, adjunct therapy to improve RPE function, and
compassionate use in medically underserved or economically depressed third-world countries.

Reprinted from Nutrients. Cite as: Richer, S.; Stiles, W.; Ulanski, L.; Carroll, D.; Podella, C.
Observation of Human Retinal Remodeling in Octogenarians with a Resveratrol Based Nutritional
Supplement. Nutrients 2013, 5, 1989-2005.

1. Introduction

These notable cases support our original publication as well as work presented in India and
subsequently published [1,2]. Resveratrol (RV) was discovered in the US in the 1940s, and later
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found to be an anti-hyperlipidemic medicinal component of grapes and red wine, also extracted
from dried roots of the common weed Polygonum cuspidatum. In the modern era, RV has been
characterized as a promiscuous, gene regulating, small molecular weight, polyphenol phytoalexin
demonstrating broad-spectrum cell receptor and microRNA activity. It protects cells against
mitochondrial DNA mutations, has “anti-aging” SIRTUIN activation /deactivation properties,
modulates inflammation and most recently mitigated the earliest atherosclerotic marker (loss of
flow-mediated dilatation) in a Japanese human clinical trial [3]. The second international conference
on the biology of RV [4] and two major literature reviews have broad medical interest [5,6]. There
are nearly 3500 papers in PubMed concerning some aspect of RV’s ability to inhibit carcinogenesis
at all three stages of initiation, promotion, and progression.

The cardio-protective potential of RV, a major factor underlying the so called “Red Wine French
Paradox” is equally impressive, in that RV itself can directly protect isolated hearts from ischemia
reperfusion injury [7]. In fact, RV protects most vital organs including the kidney, heart, and brain
from ischemic reperfusion injury. Broad based cardiac protection is conferred by RVs’ diverse
roles as intracellular antioxidant, anti-inflammatory modulator (decreasing COX-2, C-reactive
protein and TNF), anti-hypertensive, anti-cholesterol, anti-platelet, nitric oxide synthase expression
inductor as well as its ability to regulate angiogenesis in the heart and inhibit neovascularization in
the rat retina [5—7]. A substantial body of evidence strongly supports the notion that RV mediated
cardio-protection is achieved by a unique and often overlooked mechanism called preconditioning.
This means the heart is protected prior to a myocardial infarction or chronic ischemia, largely via
release of nitric oxide, but also heme oxygenase and adenosine.

RVs’ vascular attributes have special clinical significance and promise for age-related macular
degeneration (AMD), due to the debilitating eye diseases’ association with cardiovascular disecase
risk factors and aging. The emerging importance of sub-retinal choroidal blood flow is now thought
to play a pivotal role in AMD. By providing vascular enhancement, small molecular weight
cytoprotective nutritionals provide additional vascular enhancement beyond other nutritional
factors, i.e., multivitamins, the carotenoids lutein and zeaxanthin. The latter have been studied by
the US National Eye Institute, Age Related Eye Disease Study (AREDS) and within our clinic via
three placebo controlled, double masked randomized controlled clinical studies involving
multivitamins, lutein and most recently zeaxanthin, published during the last two decades [2,8,9].

2. Method

Selecting an oral OTC-RV AMD supplement: Given there are 432 brands of RV supplements
listed at the Natural Medicines Comprehensive Database, careful selection of a non-prescription
“over the counter” RV supplement was limited to brands that have undergone dosage or toxicity
testing [10].

Likewise, there is concern over bioavailability and stability of RV as it can be photo-isomerized
from trans to cis RV by exposure to ultraviolet radiation. Selection criteria included evaluating
efforts taken to preserve and optimize the biological action of RV to come as close as possible to
research-grade RV (frozen, sealed vial) or an alcohol extract of grapes (unfiltered red wine) sealed
in a dark bottle. It has been experimentally determined in animals that RV based products provided
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with additional small natural molecules work synergistically rather than additively and therefore
stand the best chance of working in severe and progressive chronic disease. Molecular synergism is
believed to be the reason why red wine exerts such a profound biological effect at a relatively low
dose of polyphenols—three to five glasses of red wine providing only 180-300 mg of total polyphenols.

A product called Longevinex® (Resveratrol Partners, LLC, Las Vegas, NV, USA)-hereafter
L/RV, was selected that provides 100 mg micronized/microencapsulated trans-RV. Micronization
dramatically increases the blood concentration of RV. Enfolded in plant starches and dextrins,
microencapsulated supplements uniquely protect their components from light, heat and oxygen.
The L/RV formulation includes a proprietary blend of other red wine polyphenols, namely
quercetin and ferulic acid along with 1200 mg vitamin D3, and a copper/iron/calcium binding
molecule called IP6 (inositol hexaphosphate). L/RV has demonstrated synergism at two academic
centers and the National Institute of Health [11,12]. Studies show quercetin enhances the
immediate bioavailability of RV. Vitamin D3 is important for its ability to exert control over a
broad number of genes including those involved in innate immunity, inflammation and vascular
calcification. RV increases sensitivity of the vitamin D receptor. Serum 25(OH)D3 liver reserve
status is inversely associated with early AMD in the Third National Health and Nutrition
Examination Survey, though doubts over that association have recently been expressed.

In animal models, L/RV demonstrated broad superior cardiovascular disease advantage by
greater reduction of cardiac fibrosis (scar area), better coronary artery blood flow, far better aortic
blood flow and left-ventricular pumping power (left ventricular pressure) compared to RV (or
aspirin). In fact, L/RV exceeds the effect of RV in 15 of the 25 top microRNA’s implicated in an
excised rodent heart model of heart attack and largely restored the pre-event microRNA pattern [11].
MicroRNAs are short non-coding RNAs that mesh with messenger RNA to silence certain genes
and are now considered the epigenetic “guiding hand of the human genome” [13]. With respect to
the retina, L/RV was shown under microRNA analysis (rodent heart tissue) to exhibit many-fold
greater down-regulation of microRNA that control HIF-1 hypoxia inducing factor and VEGF-vascular
endothelial growth factor genes involved in choroidal neovascularization (angiogenesis), compared
to RV alone [12]. These are the critical genes involved in exudative AMD.

In the first human RCT, L/RV produced favorable results (improvement of reduced
flow-mediated dilatation, the first sign of atherosclerosis, while decreasing serum insulin, insulin
resistance and C-reactive protein) without side effects [3].

Clinical Safety Considerations: In the event of inadvertent overdose there is concern that RV
may turn from antioxidant to a pro-oxidant. RV characteristically exhibits a U or J shaped risk
curve, being cardio-protective between 175 and 350 mg human equivalent dose (HED) in rodents,
and cytotoxic (cell killing) at 10-times higher dose (between 1750 mg and 3500 mg HED)—3500
mg being universally lethal to rat hearts. Significantly, L/RV (Longevinex®) has been shown to
exhibit an unparalleled margin of safety at high doses, exhibiting an L-shaped toxicity curve up to
2800 mg HED whereas 1750 mg becomes a potential pro-oxidant and increases scarring in an
induced model of rodent heart attack. This is a margin of safety superior to RV alone.

As RV and L/RV bind to copper and iron, these supplements are contraindicated in growing
children, pre-menopausal females and patients with anemia. After ruling out anemia, our
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octogenarian patients were prescribed one capsule daily L/RV and followed clinically. L/RV was
compassionately provided when no other options were available beyond the Vision Impairment
Service Team (low vision and blind-rehabilitation services).

Consent/IRB and Safety: The use of a marketed product as part of medical practice for an
individual patient does not require the submission of an IND (Investigational New Drug).
However, oversight was requested and approved by the Chief of Staff and IRB (Hines DVA,
Chicago, IL, USA). The “medication” used has exhibited good safety and freedom from side effect
at the recommended dosage (one capsule per day) among non-anemic subjects over eight years [14].
FDA animal and human toxicity data, unusual for a dietary supplement, has recently been
completed (pending publication). Notations were made in the chart regarding the patients’
willingness to take a nutriceutical pill every day and the fact they were out of options according to
retinal specialist consultation. Patients secured L/RV on their own, except in the case of inpatients
(i.e., Case 2) who secured the product under the auspices of our Chief of Pharmacy.

Retinal Structure: Retinal Spectral Separation Image were obtained with an ARIS® automated
retinal imaging system 110 (Visual Pathways, Inc., Prescott, AZ, USA) camera. Compared with
traditional fundus photographs, we use spectral (visible/IR) separation images for AMD patients,
because of their greater sensitivity in identifying intra-retinal pathology (i.e., retinal drusen that
increase in size and volume in AMD), the critical underlying blood supply underneath the retina
(i.e., the choroidal network that becomes less dense in AMD) and the macular pigment optical
density distribution typically diminished in AMD patients.

Traditional colored fundus photographs were also derived through simple wavelength
recombination. Retinal Pigment Epithelium (RPE) auto fluorescent images were obtained
with the Canon CX1® clinical fundus camera (Canon Medical, Canon USA, Inc., Melville, NY,
USA) employing 555 + 25 nm excitation/640 nm barrier filters. Excessive accumulation of
lipofuscin granules in the lysosomal compartment of RPE cells represents a common downstream
pathogenetic pathway in various hereditary and complex retinal diseases including AMD [13].
Compared with fluorescein angiography, in vivo Retinal Spectral Domain Optical Coherence
Tomographic (SD OCT) images were obtained with the RTVue® instrument (OptoVue, Freemont,
CA, USA). OCT provides precisely aligned high-resolution in vivo histologic sagittal retinal
section and thickness images. The OCT highlights retinal alterations in morphology, structure and
reflectivity, facilitating baseline and serial clinical evaluation of the retinal layers.

Visual Function well known to be impaired in AMD, was measured with several clinical
instruments. Clinical best-refracted Snellen acuity was taken in a semi-darkened room using a
digital projection system (M & S Technologies, Skokie, IL, USA). The contrast sensitivity function
(CSF), a measure of how an eye sees large objects (low spatial frequencies at 1.5 and 3
cycles/degree) and small objects such as Snellen letters (higher spatial frequencies, ie., 18
cycles/degree)—ux axis, at differing contrasts—jy axis. The area under the curve of the resulting CSF
at five spatial frequencies was measured with The Functional Vision Analyzer® (Stereo Optical,
Chicago, IL, USA) with best refraction. Photo-stress cone glare recovery in seconds to a bright
flash, a measure AMD induced retinal-RPE dysfunction, was measured with a clinical Macular
Disease Detection MDD-2® device. (Health Research Science, LLC, Lighthouse Pt, FL, USA).
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3. Results

Figures 1-3 present octogenarian L/RV AMD patients for whom all other therapeutic measures
had been exhausted (ARED and AREDS II supplements, anti-VEGF treatments efc.), or the patient
either refused intra-vitreal injections or were classified as non-candidates by conventional retinal
ophthalmologic evaluation. Subjects (two males and one female) were either US WW II veterans or
veterans of the Korean Conflict (Case 2) and Vietnam Era (Case 3) receiving eye care at the James
A Lovell Federal Health Care Facility, North Chicago, IL, USA.

Figure 1. Case 1. An 86 y/o morbidly obese male with multiple co morbidities and
advanced AMD who is able to read again by three weeks, and whose Snellen visual
acuity improves by seven lines at the six weeks visit. Interestingly, in addition to better
IR choroidal circulatory images, his bilateral topographic corneal distortions and
hearing exam both improve during the same time period.
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Figure 2. Case 2. An 88 y/o female with bilateral wet AMD, who cannot read or

identify faces. She adamantly refused intravitreal anti-VEGF treatments, after appeals

by two ophthalmologists. Four days after beginning RV/L, she reports a hole opening

up in the vision in her better eye, allowing her to see faces. Subsequent measurement at

two weeks shows bilateral improvement in visual function and near resolution of retinal

fluid. Interestingly, her unremitting hypotension and syncope have not been

symptomatic, nor has she experienced chronic migraines since she started L/RV some

five months ago.
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Figure 3. Case 3. A younger 75 y/o Vietnam Veteran w prolonged post-traumatic stress
disorder, diabetes and dry AMD x 10 years who developed wet AMD in his left eye
six months ago but adamantly refused repeated requests to do invasive diagnostic

®

(fluorescein angiography) and intravitreal Lucentis® injections or any other type of
injection(s). He started L/RV and reported better vision in five days and passed his
driver’s license after seven capsules. At his two week clinical appointment, we see

objective retinal and visual restoration, similar to anti-VEGF therapy.

(A)
Baseline ) 18 days

Serial SDOCT scans of left retina, documenting restoration of retinal architecture on all 10 scans (5 horizontal and

5 vertical scans) centered on the fovea, with registration verification to the left of each image.
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Figure 3. Cont.

Baseline 18 days 52 days

Widening choroidal vasculature

4. Discussion

L/RV, a nutritional supplement, demonstrated wide-ranging ocular, visual and systemic health
benefit(s) in octogenarian AMD patients with no medical options other than “wait and see”, low-vision
care and blind rehabilitation. In AMD, objective retinal imaging revealed higher intra-retinal
reflectivity denoting distinct differentiation of individual retinal striatum and retinal microstructure [2].
Specifically, we have observed a brighter IS/OS junction (perhaps mitochondrial renewal) and a
brighter and flatter retinal pigment epithelium (presumably more melanized) with less shadowing
of underlying structures as visualized by OCT imaging, suggesting both improved anterior retinal
and posterior retinal photoreceptor/RPE health. There were rapid Avastin®, Lucentis® and
EyLea®-like anti-VEGF effects. This improvement in structure was accompanied in all cases not
only by broadly superior conventional Snellen Visual Acuity, but also greater comprehensive
visual function: better contrast sensitivity, scotoma resolution/improvement and quickened
photo-stress glare recovery. In all cases, bilateral improvements were observed - albeit with only
modest improvements in function in the more severely diseased eye.

Octogenarians report an improvement in physical stamina shortly after starting L/RV with
Medical-center documented co-morbidity improvements. We have observed improved audiograms
(patient 1, another unpublished). Patient 1 also demonstrated an unanticipated smoother corneal
epithelial topographic scan. Patient 2 improved her systemic hypotension and syncope the very
reason she has been hospitalized for two years. Collectively, these phenomena suggest a return of
structure and function in the “oldest-old” toward a more youthful physiological state and support
our previous two publications [1,2].

These cases illustrate the potential benefit of using a mineral-chelating matrix to thwart the
accumulation of redox-reactive divalent copper and iron, since age-related accumulation of
these minerals parallels the onset of age-related retinal disease. Significantly, age-related over
mineralization controls genes involved in AMD.

Hypoxia/ischemia/angiogenesis-related damage, seen in aged and diseased retinal tissues, are
controlled by “master ischemic” micro RNAs. In this context, RV and more so L/RV in murine
heart tissue, were found to exert a profound effect over micro RNAs, restoring expression to
pre-event profiles largely via control of the hypoxia-inducing-factor gene (HIF-1: micro RNA-20b)
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and the vascular endothelial growth factor gene (VEGF: micro RNA-539), though L/RVs
epigenetic effects were not limited to these genes. L/RV exhibits a 1.82 times greater differentiation
over micro RNA-539 (up +314.6 compared to plain RV, up +172.4) and a 7.22 times greater down-
regulation over micro RNA-20b (down —1366.0 compared to plain RV, down —189.0) [11].
Therefore, plain RV may not produce results equivalent to those demonstrated in these subjects,
and higher doses are not recommended as this theoretically induces a pro-oxidant effect.

The metabolically active retina is uniquely characterized by daily disc shedding, renewal of
photoreceptors, high oxygen/blood perfusion levels and exposure to radiation. This suggests
a regenerative capacity likely hindered by local inflammation and oxidation. In some cases we see
serous elevation of the retina with altered photoreceptor outer segments and highly reflective
outer-plexiform degenerative bodies, thought to represent cone distress and rod engorgement. We
have observed these phenomena to often disappear after starting L/RV. Despite the capacity for
repair and regeneration, once photoreceptors or inner retinal neurons have degenerated severely,
they are not spontaneously replaced in mammals, as seen in the worse functioning eyes in this case
series. However, we unexpectedly observed diminished RPE auto fluorescence in several patients
taking L/RV, as reported by others, with RV, in vitro suggesting innate regenerative capacity. We
have had AF images independently verified.

Is it possible that we are seeing hormesis sustained nascent stem cell regeneration? The retina
retains a regenerative/repair capacity for replacement of lost neurons via differentiation of Miiller
glia cells to a progenitor (stem-cell like) state. Non-telomeric double-strand DNA breaks may
exhaust the stem cell pool, impairing cellular repair. Small nutriceutical molecules are essential for
double-strand DNA-break repair. Furthermore, RV may exert a surprising ability to facilitate stem
cell survival and thus tissue renewal. Stem cells are normally generated at sites of tissue damage.
Recent studies suggest certain small antioxidant molecules like RV, via their ability to quell free
radicals, enable endogenously produced or injected stem cells to survive rather than die. Obvious
restoration of retinal layers as visualized on digital SD-OCT images suggest the observed retinal
cell repopulation and tissue regeneration in these octogenarian patients were likely facilitated by
stem cell survival.

In the heart, RV remarkably normalizes vascularization and promotes capillary budding in
damaged cardiomyocytes that have a slow-cell turnover rate [12]. In the retina, RV inhibits new
blood vessel outcropping in retinal tissues that have a fast cell turnover rate. RV alone and we
believe more so RV combined with other potentiating small molecules, activates autophagy, a
catabolic renewal process which involves degradation of a cell’s own debris through lysosomal
enzymes, facilitating a coordinated genomic response and eventual greater differentiation (gene
expression or silencing) of several longevity proteins. The previously demonstrated beneficial
low-dose epigenetic effects of RV and the L/RV nutriceutical multi-molecule mix is believed to
mimic that observed with studies involving modest-dose red wine that prompts activation of
adenosine receptors. Adenosine, a cell-protective/vaso-dilative nucleoside, is known to prevent
damage in tissues deprived of oxygen (hypoxia, ischemia), as typically occurs in AMD.

Treatment-resistant AMD patients, even the oldest-old, may not be “beyond hope”. Only
treatment of a larger number of cases, within a research protocol, will reveal with what reliability.
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However, there is reason to believe that the clinical phenomena we observe are curative and not
due to placebo effects. We have observed recurrence of visual decline and altered retinal
morphology with temporary cessation of L/RV, suggesting cause and effect relationship. Of course,
unknown mechanisms and explanations for these phenomena might be at play. Retinal drusen can
spontaneously resolve in 15% of AMD patients. However, one of us (DC) has observed diminution
of drusen volume in as little as one week after starting L/RV, albeit in younger patients. He also has
documented regeneration of glial tissue and improvement in visual function in a case of familial
vitelliform (hereditary) retinal dystrophy. Diseased retinas typically worsen. See Appendix
Figure Al.

While this report herald hopes for patients with otherwise intractable cases of neovascular or
geographic AMD, much needs to be learned. These three cases represent the most demonstrable
visual and structural improvement we have seen, all of whom were non-candidates for anti-VEGF
therapy. The oldest patient treated is age 92. L/RV appears to stabilize AMD disease progression
and has produced modest improvements in multiple clinical aspects of vision (acuity, contrast,
fields, glare recovery). There are no reported side effects.

It is our hope that a nutritional supplement modulating inflammation, inducing micro RNA 20b
and 539, mitochondrial renewal and redox reactive mineral sequestration be added to the
ophthalmologist’s toolbox. It appears some of the enigmatic biological mechanisms responsible for
cases of spontaneous remission of retinal disease are of environment—gene interactive epigenetic
origin. Compassionate use, pilot studies and fast track FDA Phase 2 randomized clinical trial of
L/RV, all appear warranted.

Anti-VEGF therapy is the prevailing treatment for the fast-progressive “wer” form of AMD.
Elevated vascular endothelial growth factor (VEGF) appears to be a local problem in the retina
rather than a systemic issue. While injected monoclonal antibodies narrowly block VEGEF,
molecular medicine exerts broader epigenetic control over neovascularization, inflammation, RPE
health, blood-flow and possibly tissue regeneration. Because of the broad genomic action of RV
and more so L/RV, the health benefits of these small molecules cannot be confined to any
particular retinal layer. In these cases notable improvement in vision, but curiously also hearing,
blood pressure and vigor were observed among octogenarians. While broad biological action by
RV has been exhibited in the animal lab, this may be the first documented presentation of positive
tissue-wide and system-wide biological effects in humans.

We have observed speedy anatomic and bilateral visual benefit with ingestion of a red wine
extract combined with vitamin D and a redox-active divalent metal sequestering agent. In AMD,
we conjecture that L/RV may reduce the number of required injections, benefit some patients that
fail anti-VEGF therapy, as well be useful to patients who are averse to needle infusion or cannot
afford standard therapy. Side effects were not reported.

5. Conclusions

In our ongoing clinical experience, treatment-resistant macular degeneration patients are not
beyond hope, unless scarring or absolute wide spread retinal/choroidal histopathologic tissue
destruction has occurred. Furthermore, there is reason to believe the beneficial nutrient—induced
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retinal structural and functional visual effects in these case presentations, are not due to a placebo
effect. Nonetheless, randomized placebo controlled molecular medicine clinical studies, to confirm
the proposed beneficial effects of low dose epigenetic nutriceutical intervention beyond AREDS 2
supplementation, are warranted.
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Appendix

Figure Al. (A) SD OCT horizontal left macula retinal scan of a 60 y/o male with Stage
2 Adult Foveo-Macular Dystrophy, a variant of Vitelliform Macular Dystrophy.
The L retina is more effected with 20/70 VA and central 4 degree foveal Amsler grid
distortion. (The R eye is 20/20 with form fruste findings—not shown). Diagnosis made
in 2007 by William KM Shields, Retina & Macula Specialists, Olympia, WA, USA. A
sister and both parents similarly affected. (B) After 5 days on Longevinex®, patient
reports darkening and less distortion of the central Amsler grid with 1 line VA
improvement to 20/60 with the same eyeglasses. (C) At 6 weeks, the Amsler grid
shows continual darkening and the patient reports that the central distorted area has
moved to the right side of the grid. Vision is now 20/50, 2 lines better than baseline.
The SDOCT images show increasing tissue mass and reformation of the fovea,
denoting possible in vivo stem cell activity. Note images are registered, within the
fovea, according to the 840 nm IR ETDRS grid (left) simultaneously imaged on the
retina. (Images courtesy of Donn Carroll, Private Practice, WA Medical Vision Center,
Morton, WA, USA).

Scan Quality Index - 6.00 x6.00 Scan Size (mm)

Scan Quality Index -
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Effects of Lutein and Docosahexaenoic Acid Supplementation
on Macular Pigment Optical Density in a Randomized
Controlled Trial

Alfredo Garcia-Layana, Sergio Recalde, Angel Salinas Alaman and
Patricia Fernandez Robredo

Abstract: We studied the macular pigment ocular density (MPOD) in patients with early age
macular degeneration (AMD) before and 1 year after nutritional supplementation with lutein and
docosahexaenoic acid (DHA). Forty-four patients with AMD were randomly divided into two
groups that received placebo (n = 21) or a nutritional supplement (z = 23, 12 mg of lutein and
280 mg of DHA daily). Heterochromatic flicker photometry was used to determine the MPOD. At
baseline, the MPOD in AMD patients with placebo was 0.286 + 0.017 meanwhile in AMD patients
with supplementation it was 0.291 + 0.016. One year later, the mean MPOD had increased by
0.059 in the placebo group and by 0.162 in patients receiving lutein and DHA. This difference
between groups was significant (p < 0.05). Lutein and DHA supplementation is effective in
increasing the MPOD and may aid in prevention of age related macular degeneration.

Reprinted from Nutrients. Cite as: Garcia-Layana, A.; Recalde, S.; Alaman, A.S.; Robredo, P.F.
Effects of Lutein and Docosahexaenoic Acid Supplementation on Macular Pigment Optical
Density in a Randomized Controlled Trial. Nutrients 2013, 5, 543-551.

1. Introduction

Understanding the pathogenesis of age-related macular degeneration (AMD), the most common
cause of visual disability in elderly patients in developed countries, is advancing rapidly, but is still
unclear [1,2]. Epidemiologic reports have suggested that diets rich in vitamins C and E, zinc, lutein,
zeaxanthin, and docosahexaenoic acid (DHA) are associated with the greatest reduction in the risk
of development of early and advanced AMD [3,4]. Higher dietary intake of lutein and zeaxanthin
was associated independently with a decreased likelihood of having AMD [5] and dietary omega-3
long-chain polyunsaturated fatty acid intake is associated with a decreased risk of progression from
bilateral drusen to advanced AMD [6]. Lutein, zeaxanthin and meso-zeaxanthin are xanthophylls
(carotenoids that contain one or more polar functional groups) that selectively accumulate in the
retina and are particularly dense in the foveal region, or macula, where they are the main components
of the macular pigment (MP) [7]. In addition, lutein is the precursor of meso-zeaxanthin, a major
component of MP [8]. They are known to function as antioxidants [9] and blue-light filters and
thereby may protect the macular retina and retinal pigment epithelium from light-initiated oxidative
damage [10]. Oxidative stress is high in the eye because of repeated exposure to light and the high
rate of oxidative metabolism in the retina. In addition, the LAST [11] and LUNA [12] studies have
evaluated the beneficial effect of lutein supplementation in patients with AMD.

DHA is a fatty acid found in the retina, with a high concentration in the rod outer segment [13,14].
Because photoreceptor outer segments are constantly being renewed, a constant supply of DHA
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may be required for proper retinal function. Marginal depletion may impair retinal function and
influence the development of AMD [15]. Moreover, in two prospective follow-up studies it was
reported that DHA intake was inversely related to the risk of AMD [3,16]. Of note is the
observation that supplemental DHA increases HDL and HDL subfractions in serum [17—-19]. Given
that the carotenoids transport is made by lipids (HDL) [20,21], DHA supplementation could
increase its transport to the retina and subsequently cause a MP ocular density (MPOD) increase.
Therefore, DHA may, in part, decrease risk of AMD via increased transport of lutein into the
macula. MPOD has been evaluated as a predictor of the retinal response to nutritional intervention
with lutein in patients with AMD with the hope of retarding visual loss, disease progression, or
both [22].

Although the formulation in the AREDS, which prevents development of advanced AMD,
was comprised of vitamins C and E, beta-carotene, and zinc, currents trends in AMD nutritional
prevention also are based on the use of lutein and long-chain polyunsaturated fatty acids like
DHA [23].

Few data have been reported on the effect of the combined supplementation in MPOD [15].
Johnson et al. reported that although lutein supplementation increases MPOD in nonsmoking
elderly women without AMD, when lutein and DHA were administered together, the increase in
MPOD was not significant. This study investigates the influence of lutein and DHA
supplementation on MPOD and vision performance.

2. Experimental Section
2.1. Sample Size and Inclusion Criteria

For reasons aforementioned, we conducted a small prospective study to determine the basal
MPOD in 44 patients with early AMD (stage II-II AREDS classification corresponding to
small/intermediate drusen and large drusen with/without pigment changes). All subjects underwent
a screening examination that included a medical history and a physical examination. Volunteers
with any history of lactose intolerance, liver, kidney, or pancreatic disease, anemia, insulin-dependent
diabetes, hyperlipoproteinemia or alcoholism were excluded from the study. Other exclusion
criteria included current use of antihistamine drugs, steroids or nonsteroidal anti-inflammatory
drugs and use of any nutrient supplement for previous 2 months or carotenoid supplements for the
previous 6 months. The present project has been performed following the Declaration of Helsinki,
was approved by the Ethics Committee of the Clinica Universidad de Navarra and all participants
received and signed an informed consent for the study. Randomization was done by coin toss by
the same ophthalmologist who enrolled them in the study.

2.2. Nutritional Supplementation

The patients with AMD were distributed randomly in two groups; one group (placebo group)
were asked to take two placebo tablets daily for one year (n = 21), and the other group (intervention
group) were asked to take two tablets daily of a supplemental complex with lutein and DHA
(n = 23). The two intervention tablets contained a total daily dosage of 12 mg of lutein, 0.6 mg of
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zeaxanthin, and 280 mg of DHA. The placebo (containing sugar) and intervention tablets presented
with the same look, smell, taste, packaging, and were manufactured by the same laboratory
(Laboratorios Thea, Barcelona, Spain). Patients as well as ophthalmologists were blinded as to
which group were taking the placebo tablets and which group were taking the intervention tablets
until the end of the study.

2.3. Macular Pigment Ocular Density (MPOD) Measurement

The instrument used was the Eye Maculometer® (modified version: [24], School of Biosciences,
University of Westminster, London, UK) to provide central fixation for both the foveal and
parafoveal condition. This device is based on Heterochromatic Flicker Photometry (HFP) and uses
Light Emitting Diodes (LED) as the near monochromatic light source, similarly to other published
studies for the assessment of MPOD [22,24-27]. The Eye Maculometer® described in 1998 had
only one test field and required eccentric fixation for the parafoveal measurement. This field was
imaged on the fovea by direct fixation by the subject or on a patch of retina 5 degrees from the
fovea by getting the subject to fixate on a small red light placed to one side of the single test field.
Many subjects found this eccentric fixation was not easy to maintain. Consequently, the Eye
Maculometer® was modified to provide central fixation for both the foveal and parafoveal
condition. This improved device was the used in our study [24].

2.4. Visual Parameters

Visual function was tested before and after supplementation by measuring the best-corrected
visual acuity with the ETDRS chart (Vectorvision, Greenville, Ohio, USA), and by contrast
sensitivity with Pelli-Robson charts (Clement Clarke International, Edinburgh Way, Harlow, Essex,
UK). Macular thickness was measured by Stratus optical coherence tomography (Carl Zeiss

Meditec, Jena, Germany).
2.5. Statistical Analysis

Values are reported as the mean + standard error of the mean (SEM). Statistical significance was
evaluated by T student or U Mann-Whitney tests to analyze the differences between the placebo
group and the nutritional supplementation group. Statistical significance was accepted at the 95%
confidence level (p < 0.05) and analysis was performed by using the computer program SPSS
(version 15.0, SPSS Inc. Chicago, USA).

3. Results
3.1. Participant Characteristics

Of 69 participants screened for this study, 44 were AMD patients that were assigned randomly
to receive treatment or placebo. Of the 44 participants, 26 (59.0%) were women and 18 (41.0%)
were men. Mean age + Standard Error of Mean (S.E.M.) was 67.8 £ 9.2 years for AMD patients
with placebo and 69.2 + 7.8 years for AMD patients with supplementation. Mean body mass
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index + S.E.M. was 24.8 + 1.4 kg/m? for placebo group and 25.2 + 1.5 kg/m? for supplementation
group. There were not statistical differences between both groups in any of these demographic
parameters (Table 1).

3.2. Macular Pigment Optical Density (MPOD)

The baseline MPOD in the intervention group was (0.291 + 0.016 unit) and was not statistically
different from that of the placebo group (0.286 £ 0.017 unit) (p > 0.05, Table 1 and Figure 1A).
Additionally, there was no significant difference between MPOD in the AREDS categories 2 and 3
(» > 0.05, Figure 1B).

Table 1. General Parameters and basal macular pigment ocular density (MPOD) in age
macular degeneration (AMD) patients with placebo and supplementation with lutein
and docosahexaenoic acid (DHA).

Placebo group Intervention group
(n=21) (n=23)
Men/women 8/13 10/13
Age (years) 67.8(9.2) 69.2 (7.8)
BMI (kg/m?) 248 (1.4) 25.2(1.5)
MPOD* 0.286 (0.017) 0.291 (0.016)
BMI = body mass index. Age, BMI, and MPOD measurements are expressed as the mean + S.E.M.

1p<0.01.

Figure 1. (A) MPOD in AMD patients with placebo and AMD patients with
supplementation. (B) MPOD separately for the Age Related Eye Disease study
(AREDS) categories 2 and 3. Data are presented as means + S.E.M.
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When we compared the MPOD values in patients with AMD after 1 year of follow-up, we found
a significant increase in the supplementation group (0.453 + 0.028 unit) compared to the placebo
group (0.345 + 0.026 unit) (p < 0.01, Table 2 and Figure 2A). Moreover, total MPOD increased
very significantly after nutritional supplementation for 1 year (p < 0.01; Figure 2B). However, the
VA, contrast sensitivity, and macular thickness did not change after 1 year of supplementation
(Table 2). In addition, the increase (0.059 units) in MPOD in the group taking placebo after 1 year
compared to baseline was not statistically significant. When we evaluated the non-responders to
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supplementation, i.e., patients with less than a 5% increase in the total MPOD, four of 23 were non-
responders among the patients with AMD who received nutritional supplement (17.4%).

Table 2. Ophthalmic parameters in patients with early AMD who received placebo or
supplementation with lutein and DHA.

Placebo Group  Intervention Group

Parameters Period P Value
(n=21) (n=23)
Baseline 0.286 (0.017) 0.291 (0.016)
MPOD
1 year after 0.345 (0.026) 0.453 (0.028) p<0.01
Baseline 78.3(6.2) 76.4 (8.7)
ETDRS (letters)
1 year after 75.9 (5.8) 74.3 (9.2) ns
Contrast sensitivity Baseline 26 (5) 25(5)
score (letters) 1 year after 26 (6) 26 (5) ns
OCT macular Baseline 246 (20.7) 248 (32.5)
thickness (pm) 1 year after 249 (29.8) 246 (43.2) ns

BCVA = best-corrected visual acuity; OCT = optical coherence tomography. All values are expressed as
the mean (= S.E.M.). The Best Corrected Visual Acuity tested with the Early Treatment Diabetic
Retinopathy Study charts and contrast sensitivity are expressed in number of letters (ETDRS). p < 0.01.

Figure 2. (A) MPOD in AMD placebo group and AMD supplemented group at time 0
(basal) and one year after treatment. (B) The MPOD change (1year—0 month) in AMD
placebo group and AMD supplemented group. Data are presented as means = S.E.M.
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4. Discussion

This study investigates the influence of lutein and DHA supplementation on MPOD and vision
performance. We found a significant increase in the MPOD levels in patients with AMD treated
for 1 year with nutritional supplementation compared with the patients with AMD who received
placebo, indicating that supplemental pills with lutein and DHA can significantly improve MP and
increase retinal antioxidant protection in patients with this retinal disease. These results also agree
with other similar studies and reaffirmed the hypothesis that the lutein and zeaxanthin macular
concentrations constitute a modifiable nutritional risk factor [28]. However, visual function did not
improve after supplementation, a result also reported previously [29]. Of note is that the increase in
MPOD in the group taking placebo was not statistically significant. Our hypothesis is that those
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patients suffered the “placebo effect” and their behavior on dietetics could have changed. Probably,
they were more motivated and took better care of themselves.

Our results differed from those of Johnson et al. [15] who found that the MPOD did not differ
significantly when lutein and DHA were administered together. However, there are several
differences between both populations that may explain that difference. Firstly, the population in the
study of Johnson ef al. was comprised of only women, and the current study included both genders.
Secondly and probably more important, the population in the study of Johnson were patients
without AMD and our supplementation was given to patients with AMD, who may have a better
response to that supplementation, because those individuals with the lowest MPOD values were in
the greatest need of supplementation and the most likely to benefit [15].

Additionally, the percentages of non-responders to lutein and DHA supplementation in our study
were even lower than those observed by other authors in AMD patients (17.4% and 21.4%) [15]. In
contrast, several recent studies in normal subjects [25] and healthy subjects with atypical spatial
profile of MP (lack of a typical central peak) [27] showed a low rate of non-responders (<5%)
because of the rapid increase in MP by the meso-zeaxanthin supplementation. They suggested that
family history of AMD and smoking cigarettes may inhibit meso-zeaxanthin generation from lutein
at the macula [25,27]. This hypothesis could explain the high rate of non-responder in our older
AMD population supplemented with lutein given that it is well documented that atypical spatial
profiles are more common in older subjects like AMD patients [26]. Moreover, it is possible that
the non-responders in supplementation studies are individuals who lack the ability to convert lutein
into meso-zeaxanthin. However, recent data has shown that when meso-zeaxanthin is provided in a
supplement, it has a rapid and dramatic effect on serum carotenoid levels [27,30]. Thus, in our
non-responders meso-zeaxanthin supplementation could be more effective than lutein.

Our device is based on the subjective HFP method, however several limitation need to be taken
into account. For example: The inability to customise the flicker and the fact that this works in an
independent mode as opposed to the yoked mode. However, we have found similar results than
other authors using objective techniques [28]. Moreover, another limitation was the small sample
size and the use of a subjective technique such as HFP. Therefore, the results obtained herein
should be interpreted with full appreciation of their sample size and the device. This fact could
result in a likelihood of chance findings in either direction. Thus, it would be necessary to complete
the study with more information with respect to diet, smoking, exercise, plasma lutein levels, etc.

5. Conclusions

In conclusion, the daily intake of a nutritional complex containing 12 mg of lutein, 0.6 mg of
zeaxanthin, and 280 mg of DHA had a beneficial effect on the MPOD levels in patients with AMD.
However further clinical trials like AREDS 2 [31] are required to investigate the optimum dosage
levels of all vitamins, micronutrients, and carotenoids that will protect the retina against
degenerative diseases such as AMD.
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Retinal Spectral Domain Optical Coherence Tomography in
Early Atrophic Age-Related Macular Degeneration (AMD)
and a New Metric for Objective Evaluation of the Efficacy of
Ocular Nutrition

Stuart Richer, Jane Cho, William Stiles, Marc Levin, James S. Wrobel,
Michael Sinai and Carla Thomas

Abstract: Purpose: A challenge in ocular preventive medicine is identification of patients with
early pathological retinal damage that might benefit from nutritional intervention. The purpose of
this study is to evaluate retinal thinning (RT) in early atrophic age-related macular degeneration
(AMD) against visual function data from the Zeaxanthin and Visual Function (ZVF) randomized
double masked placebo controlled clinical trial (FDA IND #78973). Methods: Retrospective,
observational case series of medical center veterans with minimal visible AMD retinopathy
(AREDS Report #18 simplified grading 1.4/4.0 bilateral retinopathy). Foveal and extra-foveal four
quadrant SDOCT RT measurements were evaluated in n = 54 clinical and ZVF AMD patients. RT
by age was determined and compared to the OptoVue SD OCT normative database. RT by
quadrant in a subset of n = 29 ZVF patients was correlated with contrast sensitivity and parafoveal
blue cone increment thresholds. Results: Foveal RT in AMD patients and non-AMD patients was
preserved with age. Extrafoveal regions, however, showed significant slope differences between
AMD patients and non-AMD patients, with the superior and nasal quadrants most vulnerable to
retinal thinning (sup quad: —5.5 um/decade thinning vs. Non-AMD: —1.1 pm/decade, P < 0.02; nasal
quad: —5.0 pm/decade thinning vs. Non-AMD: —1.0 um/decade, P < 0.04). Two measures of
extrafoveal visual deterioration were correlated: A significant inverse correlation between % RT
and contrast sensitivity (» = —0.33, P = 0.01, 2 Tailed Paired T) and an eclevated extrafoveal
increment blue cone threshold (» = +0.34, P = 0.01, 2 Tailed T). Additional SD OCT RT data for
the non-AMD oldest age group (ages 82-91) is needed to fully substantiate the model. Conclusion:
A simple new SD OCT clinical metric called “% extra-foveal RT” correlates well with functional
visual loss in early AMD patients having minimal visible retinopathy. This metric can be used to
follow the effect of repleting ocular nutrients, such as zinc, antioxidants, carotenoids, n-3 essential
fats, resveratrol and vitamin D.

Reprinted from Nutrients. Cite as: Richer, S.; Cho, J.; Stiles, W.; Levin, M.; Wrobel, J.S.; Sinai, M.;
Thomas, C. Retinal Spectral Domain Optical Coherence Tomography in Early Atrophic
Age-Related Macular Degeneration (AMD) and a New Metric for Objective Evaluation of the
Efficacy of Ocular Nutrition. Nutrients 2012, 4, 1812-1827.

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of vision loss in both developed
and developing countries [1-3]. The initial clinical stereoscopic ophthalmoscopic manifestations of
the dry form of the disease are drusen formation and RPE hypo/hyper pigmentation. These signs
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have been used in large scale “ocular nutrient” studies such as AREDS I and II to monitor disease
and stratify risk of progression. Yet much pathology is hidden below the surface of the retina.
Classic fundus observation and photography even with stereoscopic enhancement by a highly
trained physician often reveals merely the gross manifestations of moderate and advanced disease.
Emerging sensitive, new technologies include retinal pigment epithelium autofluorescence
imaging [4], multi spectral retinal imaging (i.e., Annidis Health Systems, Ottawa, Canada) [5], and
high resolution spectral domain OCT imaging for more subtle changes of the retina and choroid [6].
Beyond imaging, lipofuscin is the most consistent and phylogenically constant marker of cellular
aging that can be useful for managing AMD [7]. Furthermore, autofluorescence of the A2E
fluorophore within the RPE is utilized within AREDS 2 to evaluate geographic atrophic edge
expansion [8]. These new technologies, when broadly evaluated in conjunction with preventive
medicine/nutritional intervention, may assist eye physicians in preventing the development of
moderate and advanced catastrophic AMD.

The Optovue® RTVue (Fremont, CA) was the first commercially available spectral/Fourier
domain optical coherence tomography (SD OCT) instrument in the United States. This SD OCT
utilizes a low-coherence super luminescent diode light source at a near infrared wavelength of
840 nm (bandwidth 50 nm), and is capable of achieving 5 um axial tissue resolution. The MM5
scan pattern provides full retinal thickness measurements in the macula as well as nine summary
parameters from a 9-zone ETDRS grid.

Clinical observations stimulated the design of this study. We observed that patients with very
early, and often subclinical atrophic AMD, display various degrees of parafoveal thinning using the
SD OCT MMS protocol. For example, Figure 1a depicts the right eye MMS5 and contrast sensitivity
function (CSF) of four patients with early atrophic AMD, mild and similar lens opacification rating
using the LOCS III grading system [9] and 20/20 or better Snellen acuity. The green areas on the
thickness maps show regions that have within normal thickness values (compared to the RTVue
normative database). The blue areas show regions that have significant thinning (P < 0.05). Note
that with increasing parafoveal geographic thinning, there is a dramatic declining contrast
sensitivity function (CSF) “Area under the curve” (AUC) value. None of these four representative
eyes had additional pathology that would decrease the CSF function, i.e., uncorrected refractive
error, clinically significant cataract, diabetes, glaucoma or neurodegenerative disease. Figure 1b
depicts an image simulation of a high-risk driver-pedestrian traffic scene generated when each of
these four CSF functions is analyzed with image processing software (Functional Vision
Analyzer®, Stereo Optical, Inc., Chicago, IL). The last driver in particular, with 92% parafoveal +
perifoveal thinning preserves his central foveal thickness, has 20/20 Snellen acuity yet profound
CSF AUC loss, profound distance visual disability and profound simulated road-scene image
degradation. This clinical observation led us to the hypothesis that retinal thinning is quickly
measured by SD OCT, may be correlated with subclinical visual disability, and may therefore serve
as a new efficient objective clinical metric for diagnosing early atrophic AMD as well as serving as
a new adjunct measure of progression.
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Figure 1. Retinal thinning, declining contrast sensitivity and simulated impaired driver
visibility. (a) Spectral Domain OCT MMS plots of early atrophic AMD phakic retinas
from four eyes of four different patients (subject Z22 9% extra-foveal thinning (EFT);
723 28% EFT; Z18 58% EFT and Z52 92% EFT) in the Zeaxanthin and Vision
Function Study (ZVF) FDA IND #78973—see [10]. These subjects all had similar lens
opacification by LOCS III analysis and 20/20 or better ETDRS visual acuity. Adjacent
CSF plots indicate declining contrast sensitivity with increasing loss of parafoveal
retinal thickness. (b) Image simulation of a traffic scene of a little girl next to a car
computed from each CSF function shown to the left. Images correlate with the
monocular CSF of these four patients (clockwise upper left: Z22, 723, Z18 and Z52),
using image processing software (Functional Vision Analyzer®) donated by Stereo
Optical, Inc., Chicago, IL.
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2. Methods

Subjects were included from two data sets: a subset of the Zeaxanthin and Vision Function
(ZVF) study data set and an additional de-identified clinical OCT data acquired within the Eye
Clinic, DVA Medical Center, North Chicago, IL, during routine clinical care. ZVF is a prospective
12 month n = 119 eye, randomized, placebo controlled (RCT) trial evaluating one degree macular
pigment optical density (MPOD) and distribution (MP), visual acuity, CSF, glare recovery, shape
discrimination, large field B/Y color vision threshold, and lipofuscin pattern distributions following
supplementation with the carotenoids: zeaxanthin at 8 mg, lutein at 9 mg or a combination of both.
ZVF was approved by the R&D and Human Subjects Committees of the Department of Veterans’
Affairs Medical Center, Hines, IL under the auspices of the FDA (www.ClinicalTrials.Gov
IND#78.973; Richer et al. [10]). A total of 56 eyes of twenty nine subjects (27 males and 2 females)
had completed ZVF with available post-research study SD OCT scans. In the case of the second
larger observational SD OCT data set, de-identified clinical data on a random subset of AMD clinic
patients was merged with the ZVF 12 month visual function data subset. Thus SD OCT scans of
these 29 Clinic subjects, 50 to 88 years (73 £+ 10.5 years) of age with mild atrophic AMD cases (but
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without vision function data) were merged with the ZVF subjects to create a second larger data set
consisting of 98 eyes of fifty four subjects (49 males and 5 females) with an age range of 50 to 91
years (74 + 10.1 years). Only patients with atrophic AMD and typical SD OCT retinal signs were
included. For example, RPE/Photoreceptor or photoreceptor integrity line (PIL) disruption, soft
drusen, drusenoid RPE detachments, outer nuclear layer reflective (inflammatory) bodies, efc. but
without evidence of sensory retinal detachment or sub-retinal neovascularization [6]. Subjects with
the entity “Age-Related Choroidal Atrophy” manifesting extreme choroidal thinning of less than
125 microns were excluded [11]. Potential retinal thickness and visual function confounders, such
as subjects with glaucoma, significant diabetic retinopathy (i.e., macular edema), pre-retinal gliosis
and vitreal traction syndrome were excluded. In the ZVF group, four patients had both eyes and
three patients had only one eye excluded whereas in the eye clinic AMD patient group, seven
patients had both eyes excluded. Subjects were limited to £6.00 DS refractive error. Informed
consent was obtained from ZVF subjects and the Declaration of Helsinki protocols were maintained.

The RTVue provides a detailed sampling of over 19,000 thickness points plotted in a 5 mm x 5 mm
area of the central macula. The Full Thickness MMS5 Significance Map presentation reveals the
significance of the full retinal thickness deviation from normal, of the scanned retina (Figure 1a).
The total area of significant loss (blue areas in the Significance Map) was calculated and divided by
the total area of the Map to calculate the percent extrafoveal thinning (% EFT), and used for
functional correlation. The MMS5 provides nine retinal thickness measurements based on the
ETDRS, is centered on the fovea with a diameter of 1 mm, four parafoveal quadrants surrounding
the central fovea extending form 1 mm out to 3 mm, and four perifoveal quadrants extending from
3 mm to 5 mm. Extra foveal paramaters refer to the sum of parafoveal + perifoveal area. Figure 2
depicts these nine regions. An age-matched subset of the RTVue normative database was used for
comparison. Normative data from 309 patients (594 retinas) age 50-82 were available. The
subfoveal choroidal thickness was measured using the En Face viewing option of the 3D macular
presentation. This view presents the sum of all c-scan planes of the same 5 mm macular radius in a
top-down fundus view. The choroidal layer was determined to be the distance between Bruch’s
membrane to a depth at which choroidal vessels can no longer be seen. Two measurements were
made for each eye, with an acceptable intra-observer (author JC) coefficient of variation of +0.90.
The average choroidal thickness of these two measurements is reported.

Visual psychophysical data, lens opacification and NEI VFQ25 vision questionnaire and retinal
grading were available for ZVF patients only. Best refracted distance visual acuity measured with
randomly presented ETDRS letters on an M&S Technologies (Chicago, IL) SmartSystem II LCD
monitor viewed at 10 feet (SR). The CSF test was performed using best refracted maximum visual
acuity and the Functional Vision Anayzer (Stereo Optical, Inc Chicago, IL) as previously
described [12,13]. Blue/Yellow Color Vision increment thresholds were ascertained with the
ChromaTest® (Bromley, UK) with best corrective lenses according to protocol [10,14,15].
Integrated 6 degree diameter Macular Pigment (MP) area under the curve (AUC) was determined
objectively with an ARIS 110 camera (Visual Pathways, Prescott, AZ) by the method of specular
reflectance [16].
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Figure 2. Full thickness SD OCT MMS5 EDTRS significance map schematic. Nine
zone ETDRS (Early Treatment of Diabetic Retinopathy) grid provided by the RTVue
SDOCT measures an area 5 mm x 5 mm on the retina (MMS5 retinal thickness scan
pattern). This grid is centered on the fovea and shows the relative location of each of
four extra-foveal quadrants defined as the sum of the parafovea + perifovea regions
(figure courtesy Optovue Inc., Fremont, CA).
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Lens opacification, a confounder of CSF, was qualitatively assessed using a seven increment
scaled LOCSIII transparency with multivariate analysis as previously described [9,12,13]. Fifty
degree fundus images were taken with a Kowa VX-10 (Tokyo, Japan). Retinal grading of AMD
disease state was completed in a double-masked randomized fashion by a retinal specialist (ML)
utilizing the AREDS report #18 simplified (0-4) scale for presence of hypo/hyper RPE
pigmentation and soft drusen [17]. Overall visual function was assessed with the NEI VFQ25
vision function questionnaire [10].

Statistics: As with ZVF [10], average-eye visual function data from a single subject, and
significance, is typically shown for simplicity, in cases in which the analysis did not differ
appreciably from evaluating right eyes and left eyes separately. Thus the last three figures in the
RESULTS section present data for both eyes. Statistical analysis utilized two sided, student 7-tests
for paired comparison data and P < 0.05 was considered significant.

3. Results

The right, left and average eye AMD simplified AREDS grade retinopathy for the ZVF fundus
image data set was 0.71 (SD 0.6)/2.0 max score, 0.71 (SD 0.5) 2.0 max score, and 1.43 (SD 0.92)/
4.0 max bilateral retinal score signifying mild AMD. Average eye ETDRS visual acuity was 20/20-1
(SD 1.2 lines). Figure 3 is a scatter plot of age vs. average foveal thickness from n = 594 “Normal”
retinas from patients ages 50-82 of various ethnicities. This Optovue normative data suggests a
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slight foveal thickening with age (» = 0.09, P = 0.02). AMD patients from the ZVF study (n = 29
AMD retinas) and the larger merged clinical/research AMD data set (» = 54 AMD retinas), ages
50+ reveal: (1) slightly thinner foveal thickness compared to these “Normals” and (2) a thickness
that does not change with age. Regardless, “Normal” and AMD foveal thickness appears to be
highly guarded, conserved, and little changed with age.

Figure 3. Foveal thickness and aging. RTVue SD OCT normative retinal thickness
MMS5 data from (n = 597) international retinas of an all ethnicities and gender data base
between the ages of 50 and 82. The normal fovea thickens approximately 2.5
um/decade. (Courtesy Optovue, Fremont, CA) Also shown is retinal thickness vs. age
for post study ZVF AMD subjects (n = 29 retinas) and a combined AMD clinical patient
population inclusive of these research (n = 54 retinas) with a greater number of AMD
subjects in the 82-91 age group.
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In contradistinction to this slight foveal thickening, Figure 4a—d and Table 1 show parafoveal +
perifoveal quadrants slightly thin with age in normals, although not significantly: (Superior
Quadrant: —1.1 pm/decade; Nasal Quadrant: —1.0 um/decade; Inferior Quadrant —0.6 um/decade
and Temporal Quadrant —0.3 pum/decade). In both the ZVF AMD study and the larger merged
AMD clinical data set, overall macular thickness excluding the fovea show accelerated thinning at
a rate of —6.7 um/decade (P = 0.03) and —4.6 pm/decade (P = 0.04) respectively. Specifically,
AMD patients thin by —5.5 um/decade (P < 0.02) superiorly, —5.0 um (P < 0.04) nasally, —4.5 pm
(P < 0.07 for trend) inferiorly, and —3.3 um (NS) temporally using data from 54 AMD retinas.
Table 1 summarizes this AMD retinal thinning effect. This difference is outside the 5 pm
coefficient of variation of the instrument. More specifically, Table 2 depicts accelerated thinning of
macular retinal thickness (um/decade) in the overall 5 mm retinal diameter ETDRS diameter grid
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excluding the fovea and extrafoveal quadrants (but not the fovea) in AMD retinas, compared with
the age matched “Optovue normative” population data. A statistically significant AMD retinal
thinning effect is particularly evident in the vulnerable superior retinal ETDRS quadrant compared
with the temporal quadrant (ns).

Figure 4. Extra-foveal quadrant thickness vs. age. (a) Superior quadrant; (b) Nasal
quadrant; (¢) Inferior quadrant; (d) Temporal quadrant. Plots reflect the RTVue SD
OCT age matched normative data against the two AMD retina data sets: ZVF and the
larger clinical AMD patient data set that includes ZVF study patients. Both AMD data
sets display accelerated thinning with age, especially for the superior quadrant
(P <0.02). See Table 1.
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Figure 4. Cont.
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Table 1. The mean (SD) retinal thickness (um) of patients with AMD is thinner than
those from the OptoVue SD OCT “normative” population data base. This difference is
outside the 5 um axial published instrument coefficient of variation.

Superior Nasal Inferior Temporal
AMD Clinic (n = 54 eyes) 280+ 17.5 pm 288.7+ 18 2745+ 18 2755+£17.4
AMD ZVF (n =29 eyes) 279.6 = 17.7 287.7+19.5 2742 +19.1 276 +19.3
Normative (n = 594 eyes) 305.6 £ 14.6 3144+ 15.6 298.5 +14.8 295.6 +14.7

Table 2. Accelerated thinning of macular retinal thickness (um/decade) in the overall
5 mm retinal diameter ETDRS diameter grid excluding the fovea and extrafoveal
quadrants (but not the fovea) in ZVF Study and clinical AMD retinas, compared with
the age matched “Optovue normative” population data. A statistically significant
thinning effect in AMD is particularly evident in the vulnerable superior retinal
parafoveal + perifoveal ETDRS quadrant [10], see text.

O t “N l”
ZVF AMD Studay  Clinical AMD Patients o e ormd

Region (n =29) pm/decade (n =54) pm/decade Data ’ (n =594)
pm/decade

Overall (Excluding Fovea) —6.7 * (P =0.03) —4.6 * (P=0.04) —0.8 (P=0.30)

Superior =7.7*(P<0.01) —5.5*%(P=0.02) -1.1 (P=0.14)

Nasal —6.2 (P =0.08) =5.0 % (P=0.04) -1.0 (P=0.20)

Inferior =7.6 * (P=0.02) —4.5(P=0.07) —0.6 (P =0.40)

Temporal -5.5(P=0.11) -3.3(P=0.19) —0.3 (P=0.68)

Fovea +0.7 (P = 0.86) +1.1 (P=0.74) +2.5 (P =0.09)

* Indicates significant data; ' Optovue, Inc., Fremont, CA, normative database.

Figure 5 depicts loss of CSF with age for the ZVF AMD subjects. Parenthetically, the NEI
Vision Function Questionnaire (VFQ 25) total all category summed score (data not shown) was
positively correlated with this loss of contrast sensitivity (» = +0.27, P = 0.04) and inversely
correlated with % total retinal thinning but not significantly (» = —0.20, P = 0.13). As shown in
Figure 6a, CSF is inversely related to % macula thinning (» = —0.33, P = 0.01, 2 Tailed T Paired
Comparison) , while Figure 6b depicts the 6.5 degree ChromaTest® B/Y threshold to be heightened
and directly related to % macula thinning (» = +0.34, P =0.01, 2 Tailed T Paired Comparison).

Retinal thickness (excluding the fovea) correlated with choroidal thickness, but not significantly
(R = +0.15, P = 0.13). However, Figure 7a shows a significant negative correlation between %
thinning and choroidal thickness (» = —0.25, P = 0.01) for all subjects while Figure 7b suggests that
parafoveal/perifoveal thinning is associated with declining overall volumetric macular pigment
optical density (MPOD), but not significantly (» = —0.21, P = 0.14). Precise three dimensional
MPOD data was available only for ZVF subjects.
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Figure 5. Contrast sensitivity vs. age for ZVF AMD subjects. Loss of CSF with age in
n =56 AMD eyes from the ZVF study. Integrated area under the curve of the contrast
sensitivity function (CSF) at four spatial frequencies: 3 cc, 6 cc, 12 cc and 18 cc/degree [10].
(Functional Vision Analyzer®, Stereo Optical, Inc., Chicago, IL).
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Figure 6. The visual consequences of extra-foveal thinning. (a) Contrast sensitivity
(area under the curve) is inversely related to % retinal thinning (» = —0.33 P = 0.01,
2 Tailed paired 7 test). (b) 6.5 degree increment blue-threshold is directly related to %
retinal thinning (» = +0.34, P = 0.01, 2 Tailed paired T test). Blue/Yellow Color Vision
increment thresholds were ascertained with the ChromaTest® (Bromley, UK) with best
corrective lenses according to protocol [10,14,15].
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Figure 7. Retinal and choroidal thinning are associated. (a) SD OCT measure of
choroidal thickness vs. % retinal thinning. The coefficient of variation with the manual
caliper method, same observer, was » = 0.90. Note the significant negative correlation

between

% retinal thinning and choroidal thickness (» = —0.25, P = 0.01) for all
subjects. (b) Three dimensional macula pigment optical density (integrated volume)
specular reflectance measurement (ARIS 110 camera, Visual Pathways, Prescott, AZ)
vs. retinal thinning, reveals % extrafoveal thinning to be associated with declining
volumetric macular pigment optic density (MPOD), but not significantly.
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4. Discussion

Foveal thickness appears well protected with age. Even our early AMD patients had no change
in central foveal thickness with age. One might expect one or more of the following factors to be
associated with age-related retinal thinning: (1) retinal atrophy; (2) choroidal atrophy; or (3) lower
foveal macular pigment. We believe the third explanation is germane to this report, as all of the
subjects, both post ZVF Study subjects and clinical patients, despite their advancing age
had supplemented with approximately 10 mg or more of the oral retinal carotenoids lutein
and/or zeaxanthin.

In a manner analogous to neural retinal rim thinning or more recently the concept of
pre-glaucomatous ganglionic layer (GCC) cell loss in glaucoma, the atrophic extrafoveal macula
appears to thin in AMD at a greater rate than predicted by simple aging. Confounding high myopia
was excluded from our database. The order effect with superior most vulnerable and temporal least
vulnerable was shown in two data sets—a research data set and a merged research + clinical data
set. This pathological patterned loss of tissue was first eloquently revealed by Sarks, Sarks and
Killingsworth decades ago using serial fluorescein angiography, white light, and electron
microscopy [18]. Our results agree with that historic study.

Our observation that atrophic AMD typically begins in the superior parafovea (at approximately
7 degrees eccentricity) has been confirmed by two other research groups and at the ARVO 2010
meeting (Ft Lauderdale, FL). Significantly, at the Oregon National Primate Research Center,
Rhesus monkeys deprived of carotenoids from birth were found to develop atrophic AMD in an
extra-foveal superior location [19]. A second group from the Australian National University, using
a novel pupillary reaction test, mapped human AMD functional deficits in sector pupillary latency
to the superior parafovea [20]. Furthermore, it has been suggested, that the superior half of the
retina is vulnerable due to the damaging effects of reflective UV ambient ground reflecting
radiation experienced by humans as primates typically walk with a slight head-down gaze



217

(Personal Communication [21]). Ascertaining the health of the superior parafoveal rod rich retina is
the basis of the new Maculogix (Atlanta, GA) AMD detection device.

A limitation of this study is the dearth of “normative” patients in the age 82-91 range (Figure 3)
combined with the high likelihood of unrecognized subclinical AMD in the “normative” data base
especially in old old “normals”. However, this lack of patients in the oldest age group combined
with the fact that our AMD subjects all had visible retinal pathology creates a counterbalancing
bias. This report further supports the conclusion of both the Lutein Antioxidant Supplementation
Trial (LAST) and recently published ZVF Study, that subtle signs of photoreceptor—retinal
pigment epithelium disturbance characteristic of AMD, such as CSF and increment B/Y color
vision thresholds, are impaired long before the appearance of obvious ophthalmoscopic or non-
spectral photographic AMD pathological signs appear (i.e., soft drusen or RPE rarefaction). That is,
functional visual decline precedes photoreceptor—retinal pigment epithelium atrophy [10,12]. The
AMD patients in this report had early disease with an AREDS Report #18 five year risk estimate of
only 8% for future catastrophic monocular vision loss, near perfect 20/20 ETDRS visual acuity,
and no fovea retinal thinning.

In our combined clinical and research experience, patients with even extreme extra-foveal
retinal thinning might go undetected in current clinical practice where CSF or even simple, quick
near point low contrast Colenbrander visual acuity screening is seldom utilized except perhaps in
refractive surgical and contact lens practices [22]. It makes sense that large field (6.5 degree) blue
sensitivity suffers earliest in AMD because blue cones are fragile and few in number [14]. By the
time the patient is in danger of an acute degenerative change, a flashed 6.5 degree diameter
blue/yellow stimulus optotype becomes indistinguishable no matter how intense the color. Once
again, subtle color vision disturbances in early AMD are rarely evaluated except in the research
laboratory. The decline in visual function in early AMD is far from academic. CSF is related to
driving safety and hip fracture risk as well as overall quality of life with mortal implications [23-25].
While a 10-letter (two-line) decrease in best corrected VA is significantly associated with all
self-reported measures of visual disability, a mere 2-step decrease in contrast sensitivity is
significant [25].

There is increasing recognition that the optical and antioxidant properties of the xanthophyll
pigments lutein, zeaxanthin, and lutein’s metabolite mesozeaxanthin, play an important role in
maintaining the health and function of the human macula [16]. Foveal MPOD has a significant
positive, measurement technique independent relationship of approximately » = +0.30 with central
retinal thickness [26]. Significantly, in that study there was no demonstrable relationship between
MPOD at an eccentricity of one or two degrees and central retinal thickness. However in the
present AMD study, Figure 7b shows a non-significant trend for extra-foveal thinning to be
associated with declining volumetric macular pigment. We also found no significant change in
central foveal thickness in agreement with the excellent preservation of visual acuity in both our
research and clinical population. Interestingly, several groups have established that MPOD tends to
decrease with age [16]. This is conjectured to contribute to the accelerated retinal thinning we
observed ostensibly through either direct deposition (i.e., de-pigmentation) or by secondary indirect
declining antioxidant tissue protection of the retina and the choriocapillaris/choroidal vascular
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bed [27]. We also found a significant association between choroidal thinning and retinal thinning.
Spaide describes a decrease of 16 um/decade choroidal thickness in high myopes [11]. Our ZVF
AMD patients showed an even greater 22 pm/decade decrease in choroidal thickness with each
decade (r=-0.57; P <0.01).

5. Conclusion

New technologies and techniques are required to evaluate the effect of nutrient intervention on
retinal health in early and moderate AMD. In this report, we present a new objective SD OCT
based atrophic AMD metric called “% extra-foveal retinal thinning” or % EFRT. We have shown
that % EFRT is associated with loss of contrast sensitivity and extra-foveal blue cones in early
AMD. Macular thickness ETDRS SD OCT thickness plots provide eye practitioners with a new
clinically useful and objective surrogate measure of early functional visual loss of aging retinas.
Indeed, the data and simulations presented in this report explain why practitioners often
underestimate the functional impact of a “20/20 AMD diagnosis”. Researchers can employ
CSF/Low Contrast Screening, SD OCT and MP distribution instrumentation together, to gauge
overall and distributional changes in retinal thickness and formally evaluate how prescriptive
carotenoid repletion (i.e., lutein/mesozeaxanthin and zeaxanthin along with synergistic n-3 fats)
impacts % EFRT and visual function. This new metric can be applied to the study of aging, genetic
susceptibility and age related choroidal degeneration. The authors believe % EFRT to be superior
to the following three currently employed tests: the 150 year old Snellen chart, the 117 year old
Amsler Grid and conventional non-spectral fundus cameras. Significantly, % EFRT has potential to
meaningfully and efficiently evaluate both nutritional and pharmacologic atrophic AMD
intervention(s) in clinical practice as well as retinal research.
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