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Abstract

The human macula uniquely concentrates three carotenoids: lutein, zeaxanthin, and meso-

zeaxanthin. Lutein and zeaxanthin must be obtained from dietary sources such as green leafy 

vegetables and orange and yellow fruits and vegetables, while meso-zeaxanthin is rarely found in 

diet and is believed to be formed at the macula by metabolic transformations of ingested 

carotenoids. Epidemiological studies and large-scale clinical trials such as AREDS2 have brought 

attention to the potential ocular health and functional benefits of these three xanthophyll 

carotenoids consumed through the diet or supplements, but the basic science and clinical research 

underlying recommendations for nutritional interventions against age-related macular 

degeneration and other eye diseases are underappreciated by clinicians and vision researchers 

alike. In this review article, we first examine the chemistry, biophysics, and physiology of these 

yellow pigments that are specifically concentrated in the macula lutea through the means of high-

affinity binding proteins and specialized transport and metabolic proteins where they play 

important roles as short-wavelength (blue) light-absorbers and localized, efficient antioxidants in a 

region at high risk for light-induced oxidative stress. Next, we turn to clinical evidence supporting 

functional benefits of these carotenoids in normal eyes and for their potential protective actions 

against ocular disease from infancy to old age.

*Corresponding Author: Paul S. Bernstein, MD, PhD, Mary Boesche Professor of Ophthalmology and Visual Sciences, Moran Eye 
Center, University of Utah School of Medicine, 65 Mario Capecchi Drive, Salt Lake City, Utah 84132, USA, Phone: 
+1-801-581-6078, Fax: +1-801-581-3357, paul.bernstein@hsc.utah.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Prog Retin Eye Res. Author manuscript; available in PMC 2017 January 01.

Published in final edited form as:
Prog Retin Eye Res. 2016 January ; 50: 34–66. doi:10.1016/j.preteyeres.2015.10.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Carotenoid; lutein; zeaxanthin; macular pigment; nutrition; age-related macular degeneration

1. Introduction

Carotenoids are phytochemicals that are classified as carotenes if they are exclusively 

hydrocarbons, but if they contain oxygen as a result of oxidation or enzymatic addition, they 

are known as xanthophylls. Carotenes are structurally characterized by a C40H56 conjugated 

polyene backbone chain that allows electrons in their double-bonds to easily delocalize 

(Willstätter and Mieg, 1907), lowering the ground state energy of the molecule. This core 

system of conjugated carbon-carbon double-bonds makes them efficient quenchers of 

reactive oxygen species (ROS) and absorbers of potentially damaging visible light (Britton, 

1995a), and their functions are determined by their physical and chemical properties, 

functional groups, geometry, and varied structures. In general, carotenoids are present in all 

organisms of the food chain, but in widely varying amounts (Maoka, 2011), and recent 

evidence indicates that carotenoid pigments are responsible for brilliant plumage color in 

birds (Shawkey and Hill, 2005), bright coloration in fish, shrimp, sea sponges and bivalves 

(Maoka, 2011), as well as essential components of plants' photosynthetic apparatus 

(Dall'Osto et al., 2006) and for the diverse colors of many fruits and vegetables. In humans, 

one of their most remarkable and unique functions is as the pigment of the macula lutea, the 

yellow spot centered on the fovea (Bone et al., 1985; Handelman et al., 1992). The macular 

pigment carotenoids (MP), lutein, zeaxanthin, and meso-zeaxanthin are widely 

recommended as dietary supplements for the prevention of visual loss from age-related 

macular degeneration (AMD) and other ocular diseases, but the basic and clinical science 

supporting such recommendations is underappreciated by clinicians and vision scientists. 

Here, we provide a comprehensive review of the chemistry, biochemistry, biophysics, and 

clinical studies underlying the ocular protective and functional roles of these remarkable 

pigments throughout the lifespan.

2. Basic Science of the Macular Pigment Carotenoids

2.1. Carotenoid chemistry and analysis

2.1.1. Carotenoid chemistry—Carotenes are hydrophobic, with little or no solubility in 

water, while the xanthophylls have modestly better aqueous solubility. Hence, these 

carotenoids are generally restricted to the lipophilic areas in the cell such as the inner core of 

the cell membranes or else bound to proteins (Britton, 1995a). Polar functional groups alter 

the polarity and solubility of the carotenoids and affect their interactions with other 

molecules (Woodall et al., 1997a; Woodall et al., 1997b). The antioxidant properties of 

different carotenoids vary based on their chemical and physical properties. For example, β-

carotene and zeaxanthin have different dynamic behavior in a model membrane system 

(Cerezo et al., 2013), while lutein and zeaxanthin orient differently in phospholipid bilayers 

(Sujak and Gruszecki, 2000; Sujak et al., 2000). Of all the carotenoids, a few carotenoids 

have pro-vitamin A activity which is the ability to yield vitamin A (retinol) as a result of 

cleavage by the enzymes β-carotene oxygenase 1 (BCO1) and β-carotene oxygenase 2 
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(BCO2) (Olson, 1989). Depending upon the structure and the point of cleavage, one or two 

retinol molecules are formed from a carotenoid molecule. β- Carotene, β-cryptoxanthin, and 

α-carotene are common pro-vitamin A carotenoids, but they are generally not found in the 

retina. Around 700 carotenoids exist in nature, of which only 15 to 30 enter the human blood 

stream, but only two dietary carotenoids, lutein and zeaxanthin, ultimately reach the human 

retina. These two carotenoids, along with their metabolite, meso-zeaxanthin, which is 

exclusively found in ocular tissues, are called macular pigment (MP) of the human fovea 

(Bone et al., 1993).

2.1.2. Foveal anatomy and the macular pigment carotenoids—The fovea centralis 

is a depression located in the middle of the macula of the primate retina (Wolin and 

Massopust, 1967). The ophthalmoscope invented by Hermann von Helmholtz in 1851, led to 

the discovery of the foveal pit in live humans (Nussbaum et al., 1981). Later studies showed 

that this region is responsible for the sharp central vision required for daily activities such as 

reading, driving, and recognizing faces. The central region of the human macula is free of 

rod receptors and is composed of tightly packed foveal cone cells (Figure 1). This region, 

unlike the rest of the macula, has no inner nuclear layer, inner plexiform layer, or ganglion 

cell layer because the foveal cones' axons are centrifugally directed away from the center. 

There is a relatively higher concentration of Müller glial cells in this area. The internal 

limiting membrane, a basal lamina that separates retina from the vitreous, is thinned out at 

the fovea. The tightly packed cone cells in the central region, the nearly absent basal lamina, 

and the absence of other cell layers in the fovea are considered to be adaptations to facilitate 

the passage of light through the retina (Yamada, 1969).

Retina from non-human primates is considered an excellent non-human experimental 

alternative for high-resolution histological studies. This is because monkey eyes are 

relatively easier to obtain soon after death compared to human eyes, and perfusion fixation 

is possible. Careful analysis of the anatomy of primate fovea pointed out that the retinal 

pigment epithelium (RPE) monolayer is in contact with the tips of the rod and cone 

photoreceptors in the fovea (Anderson and Fisher, 1979). Beneath the RPE layer is a 

connective tissue membrane known as Bruch's membrane that separates RPE from choroid 

(Figure 1). As observed in humans, the center region of the primate fovea is free of rods and 

is completely made up of cone cells; however, blue cones are absent in this region. Both rod 

and cone photoreceptors are present at a distance of 0.5 mm away from the foveal center 

(Yamada, 1969). Long processes arising from the underlying RPE layer are seen in between 

the photoreceptor cells. These processes cover the outer surface of cones and rods (Yamada, 

1969).

The yellow pigmentation of the fovea is the origin of the anatomical term macula lutea, or 

‘yellow spot’ (Nussbaum et al., 1981). The absorption spectra of the pigments from this 

region were recognized to be similar to those of xanthophylls (Wald, 1945), and 

subsequently, they were chemically identified to be lutein, zeaxanthin, and meso-zeaxanthin 

(Bone et al., 1988; Bone et al., 1993). Initial studies by Bone et al. quantified the total 

carotenoid concentrations to range from 0.05 ng/mm2 in the peripheral retina to 13 ng/mm2 

at the fovea (Bone et al., 1988). Studies from our laboratory have identified various 

metabolites of lutein and zeaxanthin such as meso-zeaxanthin, 3′-epilutein, and 3-hydroxy-
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β,ε-caroten-3′-one in the human retina, lens, and uveal tract (Bernstein et al., 2001). Only 

trace amounts of carotenoid pigments were identified in the cornea and sclera. The only eye 

tissue studied that was devoid of carotenoids, was the vitreous (Figure 2) (Bernstein et al., 

2001). The carotenoids are highly concentrated near the fovea, and their concentration 

decreases nearly 100-fold with increasing eccentricity (Snodderly et al., 1984). Near the 

fovea there is twice as much zeaxanthin and meso-zeaxanthin as lutein; but, in the peripheral 

retina, this relationship is reversed, and zeaxanthin and meso-zeaxanthin levels are half as 

much as those of lutein (Bone et al., 1988; Bone et al., 1993). Foveal carotenoids are mainly 

present in the receptor axons as well as the Henle fiber layer (Bone and Landrum, 1984; 

Snodderly et al., 1984) (Figure 3a). In the central retina, equal concentrations of lutein, 

zeaxanthin and meso-zeaxanthin are present; however, the ratio of meso-zeaxanthin to 

zeaxanthin decreases with the increased eccentricity to the fovea (Bone et al., 1993). Studies 

from our laboratory have identified and localized the carotenoid-binding proteins, 

glutathione S-transferase P1 (GSTP1) and steroidogenic acute regulatory domain protein 3 

(StARD3) in the photoreceptors of the foveal region and Henle fiber layer (Bhosale et al., 

2004; Li et al., 2011) (Figure 3b and c). These proteins facilitate the specific distribution and 

stability of carotenoids in the foveal region.

Snodderly and co-workers studied the distribution of macular pigment in primates and 

analyzed the spatial distribution of the pigments in the retina (Snodderly et al., 1984). The 

highest density of MP was associated with the axons of the cone photoreceptors in the outer 

plexiform layer. The processes of interneurons present in the inner plexiform layer also 

contained significant levels of pigment. Similar to the observations made in human retina 

(Bone et al., 1997), the primate retina also displayed a decrease in MP density with 

eccentricity to the foveal center.

2.1.3. Stereochemistry of the macular pigment carotenoids—The chemical 

structures of the macular carotenoids are characterized by the presence of hydroxyl groups 

attached at the 3 and 3′ positions to each of the terminal ionone rings as shown in Figure 4. 

Bone and Landrum identified the stereo-isomers of lutein and zeaxanthin in human retina 

using HPLC-MS (Bone et al., 1993). The lutein component of the MP consists of single 

stereoisomer of lutein [(3R, 3′R, 6′R)- β, ε-carotene-3,3′-diol] (Figure 4a), whereas the 

zeaxanthin component consists of three possible stereoisomers which include dietary 

zeaxanthin itself or RR-zeaxanthin [(3R,3′R)- β,β- carotene-3,3′- diol], SS-zeaxanthin [(3S,

3′S)- β, β- carotene-3,3′-diol] (found only in trace amounts), and meso-zeaxanthin [(3R,3′S)- 

β, β- carotene-3,3′-diol] (Bone et al., 1988; Bone et al., 1993; Bone et al., 1985).

As shown in Figure 4b and 4c, the hydroxyl group at the C-3′ position in lutein (3R, 3′R, 

6′R- β, ε- carotene-3,3′-diol) is configured exactly opposite to that of zeaxanthin (3R, 3′R-β, 

β -carotene-3,3′-diol), while the C-3 and C-3′ hydroxyl groups in meso-zeaxanthin (3R, 3′S-

β, β, -carotene-3,3′-diol) are positioned identically to lutein. The presence of three 

stereogenic centers at the C-3, C-3′ and C-6′ positions in the lutein molecule can result in 

eight possible stereoisomers, among which (3R, 3′R, 6′R) lutein is of dietary origin and is 

predominant in humans (Bone et al., 1993; Khachik and Chang, 2009). The double-bond in 

lutein at the 4′, 5′ position is shifted to the 5′, 6′ position in zeaxanthin and meso-zeaxanthin 

(Figure 4c and d). This double-bond position in lutein creates a more allylic hydroxyl end 
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group relative to zeaxanthin. The extra conjugated double bond makes zeaxanthin and meso-

zeaxanthin more stable and better antioxidants in comparison to lutein (Chung et al., 2004; 

Mortensen and Skibsted, 1997).

This conformational similarity of meso-zeaxanthin to lutein makes it more likely that lutein 

rather than zeaxanthin is the immediate precursor to meso-zeaxanthin because direct 

stereochemical inversion reactions are rare in nature. In fact, a simple shift of one double-

bond will produce meso-zeaxanthin from dietary lutein. Furthermore, an industrial, base-

catalyzed reaction at high temperature is known to produce only meso-zeaxanthin from 

lutein (Karrer and Jucker, 1947), suggesting that a similar enzyme-mediated reaction may 

occur in the human eye (Bone et al., 1993; Karrer, 1947). meso-Zeaxanthin is not detected in 

the human plasma and liver but is present in human macula, retina, and RPE/choroid 

(Khachik et al., 2002), indicating that conversion of lutein to meso-zeaxanthin most likely 

takes place in the eye. Johnson's laboratory studied the source of meso-zeaxanthin in rhesus 

monkeys (Johnson et al., 2005). In their studies, primates that had been maintained on a 

xanthophyll-free diet but then given lutein supplements showed the presence of meso-

zeaxanthin in their retina. The control animals that were provided no xanthophylls and the 

animals supplemented with zeaxanthin alone did not have meso-zeaxanthin in their retina. In 

another study, Bhosale and coworkers fed deuterated lutein or zeaxanthin to female quails 

and reported the presence of labelled meso-zeaxanthin only in the retinas of birds fed with 

deuterated lutein (Bhosale et al., 2007a). Both of the studies described above indicate that 

lutein is the major precursor of meso-zeaxanthin in the retina.

2.1.4. Proposed orientation of lutein and zeaxanthin in biological membranes
—Lutein and zeaxanthin when not bound to proteins easily insert themselves into biological 

membranes and have been shown to increase the rigidity of the lipid bilayer where they can 

act as “molecular rivets” because of their orientation within the membrane (Gabrielska and 

Gruszecki, 1996). Zeaxanthin was found to adopt a roughly perpendicular orientation to the 

plane of the membrane, while lutein and its isomers follow the perpendicular as well as 

parallel orientations (Sujak et al., 1999). The direct effect of macular carotenoids on lipid 

membranes' structural and dynamic properties seems to decrease the lipid bilayer's 

susceptibility to oxidative degradation (Gruszecki and Strzalka, 2005).

2.1.5. Functional properties—Carotenoids are excellent quenchers of singlet oxygen 

that react at the limits of diffusion without being consumed in the process (Foote et al., 

1970). Reactive oxygen species (ROS) are either radicals such as hydroxyl radical or 

peroxyl radical, or they are reactive non-radical compounds such as singlet oxygen, 

peroxynitrite, or hydrogen peroxide (Stahl and Sies, 2002). Singlet-state molecules rapidly 

form and can create triplet-state molecules via intersystem crossing. These long-lived 

molecules can then react with oxygen to produce ROS, including superoxide anions, 

hydroxyl radicals, hydrogen peroxide, and singlet oxygen. These, in turn, can cause lipid 

peroxidation by attacking polyunsaturated fatty acids, resulting in DNA damage, protein and 

transmembrane glycoprotein oxidation, and other forms of cellular vandalism (Winkler et 

al., 1999). Among radicals, hydroxyl radical is the most reactive species (Woodall et al., 

1997b). Due to its high reactivity, this radical immediately reacts with surrounding target 
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molecules at the site where it is generated. In general, carotenoids react with ROS in three 

possible mechanisms oxidation, electron transfer or hydrogen abstraction (Britton, 1995a). 

Macular carotenoids may neutralize the ROS generated due to various free radical reactions 

in the eye and other tissues. Lutein and zeaxanthin are very efficient at absorbing and 

transmitting excited energy when needed, and they can harmlessly release the energy as heat 

without chemical degradation (Krinsky, 1989). The steps involved in the formation of ROS 

in the human retina and absorption of ROS by MP are outlined in Figure 5.

The potential for generation of ROS in the retina is high. The outer retina, especially 

membranes of the outer segments of the photoreceptors, has high concentrations of 

polyunsaturated fatty acids that are susceptible to photo-oxidation (Cai et al., 2000; Conn et 

al., 1991; Winkler et al., 1999). ROS are produced by absorption of UV and blue light by a 

photosensitizing compound or molecule (e.g. lipofuscin, protoporphyrin, or cytochrome). 

Carotenoids are potent scavengers of free radicals (e.g., superoxide anion and hydroxyl 

radical) and are particularly efficient at neutralizing singlet oxygen (Stahl et al., 1997). 

These carotenoids molecules have the ability to vibrate away their triplet-state energy as 

heat (Britton, 1995a; Krinsky, 1989).

Similar to their roles in plants, lutein, zeaxanthin, and meso-zeaxanthin act as protective 

antioxidants in the eye. These eye protective nutrients undergo oxidation and a series of 

transformations to protect the macula (Khachik et al., 2002). Khachik and colleagues first 

identified oxidation products and isomers of lutein in human serum (Khachik et al., 1992). 

Anhydrolutein and dihydroxylutein were observed as metabolites of lutein in human breast 

milk using HPLC and liquid chromatography- mass spectrometry (LC-MS) which formed as 

a result of dehydration and in acidic conditions similar to those of the stomach (Khachik et 

al., 1997b). 3-Hydroxy-β, ε-caroten-3′-one was identified as the direct oxidation product of 

lutein present in monkey retinas (Khachik et al., 1997a) and in human eye (Bernstein et al., 

2001). 3- Methoxyzeaxanthin was identified in the macula of donor eyes using LC-MS and 

was present only in older donors, indicating that methylation of carotenoids may be a novel 

pathway in the eye whose activity increases with age (Bhosale et al., 2007c). The formation 

of different metabolites of lutein and zeaxanthin are discussed in Figure 6.

Another major proposed mechanism for the protective action of the macular carotenoids is 

reduction of oxidative stress-induced damage. With aging, the RPE gradually accumulates 

lipofuscin, a heterogeneous fluorescent mixture rich in lipid-protein complexes. It is 

composed of by-products of vitamin A metabolism, as well as products of lipid peroxidation 

(Bernstein et al., 2001; Bhosale et al., 2009; Boulton et al., 1990). It is also a possible 

photosensitizing source of ROS (Sparrow et al., 2000). There is solid experimental evidence 

that N-retinyl- N-retinylidene ethanolamine (A2E), a component of lipofuscin, can damage 

the RPE, is toxic to mitochondria, and induces apoptosis of cultured RPE cells when 

exposed to blue light (Sparrow and Cai, 2001; Suter et al., 2000). When RPE cells are 

treated with lutein, this phototoxic effect is reduced greatly (Bian et al., 2012; Shaban and 

Richter, 2002). The presence of lutein and zeaxanthin has further been shown to reduce the 

amount of lipofuscin formed in cultured RPE cells and in vivo (Bhosale et al., 2009; 

Sundelin and Nilsson, 2001; Winkler et al., 1999).
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Although the aging process decreases scotopic and shortwave sensitivity, higher levels of 

MP seem to preserve shortwave and scotopic function to an extent (Hammond et al., 2001). 

Evidence for the possibility that MP reduces glare and improves photostress recovery may 

be determined from its optical properties, spectral absorption, and spatial profile (Lien and 

Hammond, 2011; Stringham and Hammond, 2008). If macular carotenoid molecules are 

arranged perpendicular to the radially oriented axon, they will preferentially absorb plane 

polarized light in a direction parallel to the linear carotenoid molecule (perpendicular to the 

axonal direction), giving rise to the perception of Haidinger's brushes (Bone and Landrum, 

1984; Sujak et al., 2000).

2.1.6. Dietary sources—Carotenoids cannot be synthesized in vivo by vertebrates and 

invertebrates, and they therefore must be obtained from dietary consumption. It has been 

extensively reported that consumption of lutein-and zeaxanthin-rich green leafy vegetables 

and orange and yellow fruits and vegetables is associated with lower incidence of cancer, 

cardiovascular disease, AMD, and cataract formation (Beatty et al., 1999; Krinsky et al., 

2003; Landrum and Bone, 2001; Trumbo and Ellwood, 2006). Green leafy vegetables (kale, 

spinach and broccoli) are rich sources of lutein (Holden, 1999), while corn products are rich 

sources of zeaxanthin (Perry et al., 2009). Databases of the lutein and zeaxanthin content of 

fruits and vegetables aid in the assessment of dietary intake of these carotenoids. The data 

may also provide scientific information directly to consumers and assist public health 

workers to assess the dietary intake of these carotenoids (Holden, 1999). The carotenoid 

compositions of foods vary qualitatively and quantitatively (Rodriguez-Amaya, 2003). 

Factors such as species, cultivation, part of the plant, degree of maturity at harvest, and post-

harvest handling practices affect carotenoid levels (Kimura and Rodriguez-Amaya, 1999; 

Rodriguez-Amaya, 2003). Hence, selection and processing of samples under suitable 

conditions are essential to retain consistent and maximal levels of carotenoids in the plant 

materials. The differences in lutein + zeaxanthin among green leafy vegetables studied are 

often attributed to species variations (Azevedo-Meleiro and Rodriguez-Amaya, 2007; Ismail 

and Cheah, 2003; Rodriguez-Amaya, 2003). Lutein concentration during maturation differs 

depending on the vegetable; in some cases, an increase in lutein concentration has been 

reported, whereas in other cases, a decrease has also been reported (Calvo, 2005; Rodriguez-

Amaya, 2003). Recent database development for lutein and zeaxanthin intake (Holden, 

1999; O'Neill et al., 2001; Rodriguez-Amaya, 1999) based on the region of origin are likely 

to become increasingly popular worldwide.

Bio-accessibility of carotenoids from green leafy vegetables is low, and various dietary 

factors affect their bioavailability (van Het Hof et al., 2000). Given their hydrophobic 

nature, there is evidence that consuming carotenoid-rich foods in the presence of oils or 

cholesterol may increase their uptake (Brown et al., 2004). In addition to vegetables, which 

are less bio-available, egg yolk (Goodrow et al., 2006; Kelly et al., 2014; Krinsky and 

Johnson, 2005) and fortified milk (Granado-Lorencio et al., 2010), are also good dietary and 

bioavailable sources of lutein and zeaxanthin. This may explain why some study results 

suggest a higher bioavailability of lutein from lutein-enriched eggs versus leafy greens such 

as spinach or other forms of supplementation (Chung et al., 2004). The dietary intake of 

carotenoids varies widely between individuals, and epidemiological studies have 
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consistently shown that all age groups and ethnicities, as well as both sexes, have overall 

greater lutein than zeaxanthin consumption (Johnson et al., 2010).

meso-Zeaxanthin is rarely found in the human diet, but it has been detected in shrimp 

carapace, fish skin, and turtle fat, where all three isomers of zeaxanthin were found (Maoka 

et al., 1986), and Nolan's group has recently confirmed its presence in fish skin using more 

modern methods (Nolan et al., 2014; Thurnham et al., 2015). A significant amount of meso-

zeaxanthin has been detected in commercially produced chicken eggs in Mexico where it is 

commonly added to the feed to achieve desirable coloration (Wang et al., 2007).

Carotenoids such as lutein and zeaxanthin are generally recognized as safe (GRAS) for 

human consumption, which allows food manufacturers to use them as additives. Recently, 

the European Food Safety Authority (EFSA) Panel on Food Additives and Nutrient Sources 

added to Food established an acceptable daily intake of 1 mg / kg bodyweight / day for 

lutein preparations derived from marigold (Tagetes erecta) containing at least 80% 

carotenoids (Agostoni et al., 2011; EFSA Panel on Food Additives and Nutrient Sources 

added to Food, 2011). Based on the available data, EFSA concluded that an intake of 0.75 

mg / kg bodyweight / day of synthetic zeaxanthin does not raise any safety concerns 

(Agostoni et al., 2012). These values correspond to a daily intake of 53 mg of zeaxanthin 

and 70 mg of lutein for a person weighing 70 kg. These numbers are much higher than the 

earlier claims that 20 mg/day/person was safe in dietary supplements (Agostoni et al., 2012; 

European Food Safety Authority, 2012). Mutagenic studies have revealed that lutein and 

zeaxanthin are safe for human consumption (Kruger et al., 2002; Ma and Lin, 2010). The no 

observed-adverse-effect-level (NOAEL) for lutein/zeaxanthin concentrate was determined to 

be 400 mg/kg bodyweight/day, the highest dose tested in rats (Ravikrishnan et al., 2011). 

The safety of supplemental meso-zeaxanthin was recently reviewed (Nolan et al., 2013), and 

the NOAEL of meso-zeaxanthin in rats is 300 mg/kg bodyweight/day when administered 

orally for 13 consecutive weeks (Xu et al., 2013).

2.1.7. Chemical synthesis—Recent evidence for the beneficial effects of the macular 

carotenoids has increased consumer demand for these products. Commercially available 

lutein preparations such as Lutemax 2020 (OmniActive Health Technologies, Ltd., Mumbai, 

India), Hi-Fil (Industrial Organica, Topo Chico, Mexico), FloraGlo (Kemin Industries, Inc., 

Des Moines, USA), and others are made from marigold oleoresin. Lutein produced for 

human nutritional supplements typically contains 6-16% of waxes, and their zeaxanthin 

composition varies from one to another. Lutemax 2020 has approximately 13% of 

zeaxanthin (a mix of (3R, 3′R)-zeaxanthin and (3R, 3′S)-zeaxanthin), while FloraGlo has 2- 

9% of zeaxanthin with minimal meso-zeaxanthin.

The commercial purification processes use solvents like hexane, dichloromethane, or 

propylene glycol, and chemical processes such as saponification (Khachik, 2001). Lutein 

from green leafy vegetables is uneconomical because of the expensive and time consuming 

purification steps required to remove chlorophylls and other carotenoids that are also present 

in green leafy sources (Khachik et al., 1995). Hence, chemical synthesis of lutein has been 

explored as an option to yield pure crystalline lutein free of isomers and other contaminants, 

but it is difficult and time-consuming to scale up economically. This is because lutein has 
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eight possible stereoisomers (Khachik and Chang, 2009). The chemical synthesis of lutein 

could result in any of these stereoisomers, but only a few are naturally found in the eye and 

in the food supply. The various syntheses of carotenoids employ some key reactions for the 

formation of the carbon-carbon double-bonds, in particular, aldol condensation, Wittig 

condensation, Emmons-Horner reaction, Julia's method, and addition of acetylides (Kienzle, 

1976). Ito used C-22 intermediates and palladium-based condensation reactions to 

synthesize carotenoids (Ito et al., 1992), and Lockwood et al. patented the methods for 

chemical synthesis of different carotenoids using Wittig condensation reactions (Lockwood 

et al., 2006). In 1980, Mayer and Ruttimann synthesized dietary lutein (3R, 3′R, 6′R-lutein) 

using a C-25 precursor molecule (R-4-hydroxy- 2,6,6-trimethyl 2-cylcohexen-1-one) with an 

overall yield of around 1% (Mayer and Rüttimann, 1980). Chemical synthesis of lutein using 

C-25 hydroxyaldehydes gives up to 74% isomerically pure dietary lutein (Khachik and 

Chang, 2009). The methodology adapted was a direct reaction and could be improved in the 

future to yield reasonably pure lutein. The other isomer of lutein naturally found in the eye 

and in some processed foods, 3′-epilutein (3R, 3′S, 6′R-lutein), can be synthesized from 

lutein (3R, 3′R, 6′R) (Deli et al., 2004; Eugster et al., 2002; Khachik, 2012).

Natural zeaxanthin occurs mainly in the (3R, 3′R)-configuration and is considered as a 

symmetrical molecule because it can be synthesized by the condensation of two precursor 

molecules with identical chemical structure and stereochemistry, whereas lutein and meso-

zeaxanthin are asymmetrical molecules. A principal task in the synthesis of zeaxanthin 

requires introduction of the chiral centers in configurations identical to that of nature (Ernst, 

2002). Hoffmann-La Roche has developed a method for the enantioselective reduction of the 

C=C bond into the (6R) configured levodione by using baker's yeast (Leuenberger, 1976; 

Paust and Kriegl, 2000). This stereo-center controls the subsequent catalytic hydrogenation 

of the sterically less shielded carbonyl group, which yields 4:1 epimers of zeaxanthin. The 

other strategy for chemical synthesis of zeaxanthin is the development of an optically active 

hydroxyl ketone and use of a double Wittig reaction to yield natural zeaxanthin (Soukup et 

al., 1990; Widmer et al., 1990). The yield (13-46%) and the purities were lower (Englert et 

al., 1991) in this entire process, which makes the process unsatisfactory and laborious. Ernst 

developed a new strategy for synthesis of zeaxanthin using C-15-phosphonium salts (Ernst 

et al., 2005; Paust et al., 1998) as shown in Figure 7, which is used for commercial synthesis 

of synthetic zeaxanthin. Khachik patented the use of goji berries to obtain zeaxanthin 

(Khachik, 2001), while commercially available zeaxanthin can be prepared from red 

marigold flowers of Tagetus erecta.

meso-Zeaxanthin is obtained from partial synthesis by employing a base-catalyzed 

isomerization of lutein isolated from natural sources (Bernhard and Giger, 1998). Due to 

elimination of water in the process of isomerization and strong basic conditions, other 

products are also formed (Ernst, 2002). If chemically and sterically pure meso-zeaxanthin is 

desired, then this process needs an expensive and time-consuming ultra-purification step. 

Thus, most commercial meso-zeaxanthin preparations also contain lutein and zeaxanthin in 

varying amounts.

Recently, microbial sources of carotenoids such as algae are also getting attention as an 

alternative for supplementation (Nelis and De Leenheer, 1991; Vachali et al., 2012). 
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Microbial carotenoid biosynthesis is a well regulated process dependent on the organism's 

environmental conditions and cultural stress during growth (Bhosale, 2004; Schnurr et al., 

1991). Flavobacterium sp. are well documented in zeaxanthin production (Alcantara and 

Sanchez, 1999; Masetto et al., 2001; McDermott et al., 1974). Cyanobacteria such as 

Paracoccus zeaxanthinifaciens and Phormidium laminosum have also been reported to 

produce zeaxanthin (Fresnedo and Serra, 1992; Sajilata et al., 2010). Other microbial 

sources include Dunaliella sp, which produce zeaxanthin in stress and altered conditions (Jin 

et al., 2003; Salguero et al., 2005). Microbial synthesis has an economic niche for those 

carotenoids which have complex structures that make them difficult to synthesize 

chemically. Microalgae Chlorella sp. are used to produce lutein in large scale (Bhosale, 

2004; Inbaraj et al., 2006; Jeon et al., 2014; Shi et al., 2000). Scenedesmus almeriensis, 

Chlamydomonas reinhardii, and Muriellopsis sp. also produce lutein (Del Campo et al., 

2001; Francis et al., 1975; Sánchez et al., 2008). Commercial potential of carotenoids from 

microbial sources has been setback recently, however, because industrial extraction of plant 

oleoresins from marigold and other sources has become predominant in the market.

2.1.8. Absorption spectroscopy—The absorption maximum of lutein is 445 nm, while 

the maxima of zeaxanthin and meso-zeaxanthin are 450 nm (Britton, 1995b; Krinsky et al., 

2003). Wald established that the MP absorbed light between the wavelengths 430 nm and 

490 nm, with maximum absorption taking place at ∼460 nm (Wald, 1945). Importantly, he 

recognized that the absorption spectrum of the pigment was characteristic of the xanthophyll 

lutein. Wald also noted that the spectrum of the pigment extracted from human retinas 

agreed quite well with the visual estimate of the MP derived from the differences in the log 

sensitivity of peripheral and foveal cones. Ruddock used color matching data to deduce the 

absorption spectra of MP in vivo (Ruddock, 1963). He used trichromatic colorimetry with 

selected wavelengths, derived an equation, and observed the differences in optical densities 

of retinal segments, one at the center of retina and another away from the center.

2.1.9. High pressure/performance liquid chromatography (HPLC)—Accurate 

assessment of the amount of the MP in eyes is necessary to investigate the role of macular 

carotenoids and their presumed functions. HPLC is the “gold standard” technique for 

measurement of carotenoids from extracted samples because it can provide unambiguous 

identification and quantitation, but it requires significant amounts of precious biological 

tissue. MP was first isolated and characterized using HPLC in 1985 (Bone et al., 1985). In 

1988, using HPLC, Bone and Landrum identified that there were actually two xanthophylls 

present in the human macula, lutein and zeaxanthin (Bone et al., 1988). Reverse-phase 

columns are the most widely used stationary phases for the analysis of these molecules. 

C-18 and C-30 stationary phases have provided good resolution for the separation of 

geometrical isomers and carotenoids with similar polarity (Barua and Olson, 2001; Bhosale 

et al., 2007b; Khachik et al., 2002). Normal-phase separation is also useful for carotenoids 

because of their hydrophobic nature, and non-polar solvents can be used for separation. 

Normal-phase cyano columns have a strong dipole and are suitable for separation of lutein, 

zeaxanthin and their isomers (Bhosale and Bernstein, 2005a); moreover, they are compatible 

with LC-MS. Identification of the various carotenoids is confirmed by comparing the 

retention times to known standards. Furthermore, the identity of individual peaks obtained 
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during HPLC is confirmed from their characteristic ultraviolet / visible absorbance spectra 

and mass spectra (Barua and Furr, 1992).

Special derivatization methods have been adapted previously to identify the stereosiomers of 

MP. (Bone et al., 1993; Maoka et al., 1986). Newer HPLC methods have been developed to 

separate meso-zeaxanthin from dietary zeaxanthin using a chiral column without going 

through a cumbersome derivatization step (Bhosale et al., 2007a; Khachik et al., 2002). This 

method is well suited to isolate stereoisomers of MP in human retinal punches. Recently, 

several reports have shown the successful application of positive ion atmospheric pressure 

chemical ionization (APCI)-MS in identification of carotenoids isomers and metabolites (de 

Rosso and Mercadante, 2007; Fang et al., 2003; Khachik et al., 1997a).

2.2. Carotenoid uptake, metabolism, and transport

2.2.1. Proteins involved in macular pigment uptake and transport—Humans 

require dietary carotenoid intake because the relevant carotenoid synthesis enzymes do not 

exist in the human body. Most dietary carotenoids are consumed and embedded within a 

food matrix. When they reach the gut, they will be released from the food matrix through the 

action of various enzymes including esterases which will cleave xanthophyll esters. The free 

carotenoids are then solubilized into micelles before being taken up by the intestinal 

mucosal cells where they are cleaved by the carotenoid cleavage enzymes, BCO1 and/or 

BCO2, to form vitamin A and other metabolites or packaged into chylomicrons (Erdman et 

al., 1993). Then carotenoids and their metabolites will be secreted into the lymphatic and 

portal circulations for transport to the liver, where xanthophyll carotenoids such as lutein 

and zeaxanthin are loaded to their relevant transporters to be carried to the retina and other 

tissues through the circulation system. In the human serum, water-soluble lipoproteins are 

responsible for carrying carotenoids, retinoids, vitamin E, and plasma lipids (Rigotti et al., 

2003). Lipoproteins have a polar outer shell of protein and phospholipid and an inner core of 

neutral lipid, and they can be divided into six groups: chylomicrons, chylomicron remnants, 

very low-density lipoproteins, low-density lipoproteins, intermediate-density lipoproteins, 

and high-density lipoproteins (HDL) (Mahley et al., 1984). HDL is the smallest and densest 

of all plasma lipoproteins, playing a critical function in cholesterol metabolism with an 

important role in removing cholesterol from peripheral tissues, a process known as reverse 

cholesterol transport (Trigatti et al., 2000). In the bloodstream, all carotenoids are detectable 

in all lipoprotein classes to varying degrees, but lutein and zeaxanthin are primarily 

associated with HDL, consistent with their less hydrophobic nature relative to the carotenes; 

however, the specific components of HDL responsible for carotenoid binding remain to be 

identified. The Wisconsin hypoalpha mutant (WHAM) chicken, a natural animal model of 

HDL deficiency, has a >90% reduction in plasma HDL (Attie et al., 2002). When these 

chickens are fed a high-lutein diet, lutein levels increase in plasma, heart, and liver, but not 

in retina, suggesting that HDL is critical for delivery of carotenoids to retinal tissue (Connor 

et al., 2007).

Scavenger receptor class B member 1 (SR-BI), a cell surface glycoprotein that binds HDL, 

mediates selective cholesteryl ester uptake from lipoprotein into liver and steroidogenic 

tissues as well as cholesterol efflux from macrophages (Acton et al., 1996; Pagler et al., 
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2006). SR-BI is a member of the CD36 superfamily (Oquendo et al., 1989). It has been 

shown that SR-BI participates in intestinal cholesterol absorption, embryogenesis, and 

vitamin E transport (During et al., 2005). Recently, there have been several reports that SR-

BI is involved in the process of carotenoid uptake and transport to human and fly retina. It 

was demonstrated that the macular carotenoids lutein and zeaxanthin can be better taken up 

by RPE cells than β-carotene through an SR-BI–dependent mechanism (During et al., 2008). 

When macular carotenoids or β-carotene were incubated with fully differentiated ARPE-19 

cells, the quantity of the macular carotenoids taken up by the cells was two times higher than 

β-carotene. Blocking SR-BI by its antibody or knocking down SR-BI expression by small 

interfering RNA reduced the absorption of carotenoids by RPE cells, especially for 

zeaxanthin. Similarly, Kiefer showed that the molecular basis for the blindness of a 

Drosophila mutant, Nina D, is a defect in the cellular uptake of carotenoids caused by a 

mutation in the Nina D gene which has high similarity to mammalian SR-BI (Kiefer et al., 

2002). In the gut, the expression of SR-BI is repressed by the intestine-specific homeobox 

(ISX) transcription factor which is controlled by retinoic acid, a metabolite of carotenoids 

(Lobo et al., 2010). Thus, ISX governs the process of carotenoid absorption via SR-BI 

through a negative feedback regulatory mechanism, but, the retinal regulatory mechanism 

for SR-BI seems to be different, as there is no current evidence that ISX exists in the human 

retina or RPE.

CD36, a scavenger receptor relative of SR-BI, is a better match because, unlike SR-BI, it is 

abundantly expressed in the primate neural retina (Tserentsoodol et al., 2006). CD36 was 

isolated and identified as a platelet integral membrane glycoprotein (Green et al., 1990; 

Greenwalt et al., 1992). It also goes by the name of FAT (fatty acid translocase) because it 

can bind long-chain free fatty acids and transport them into cells (Febbraio et al., 2001; 

Silverstein and Febbraio, 2009; Silverstein et al., 2010). Interestingly, Cameo2, a CD36 

homolog in silkworms, is required for uptake of lutein into the silk gland (Sakudoh et al., 

2010). The catabolism of photoreceptor outer segments is mediated by CD36 (Ryeom et al., 

1996), and the components of rod outer segments, such as rhodopsin and phospholipids, 

including anionic phospholipids, are ligands of CD36. More recently, it was reported that 

genetic variants of CD36 are associated with serum lutein levels and MPOD in AMD 

patients (Borel et al., 2011), suggesting that CD36 is likely to be involved in the MP uptake 

process.

2.2.2. Carotenoid cleavage enzymes—BCO1 and BCO2 are the two known 

carotenoid cleavage enzymes in animals, and they are immunolocalized to both human 

retina and RPE (Bhatti et al., 2003; Li et al., 2014; Lindqvist and Andersson, 2004; 

Lindqvist et al., 2005). BCO1 cleaves carotenes symmetrically at the 15-15′ carbon-carbon 

double bond, an essential step for generation of vitamin A, and it requires its substrates to 

have at least one non-substituted beta-ionone ring (dela Sena et al., 2013; Lindqvist and 

Andersson, 2002), which means that BCO1 cannot cleave xanthophylls such as lutein and 

zeaxanthin that are hydroxylated on both ionone rings. BCO2 catalyzes eccentric cleavage 

of carotenes at 9′, 10′ carbon-carbon double-bonds, generating 10′-apo-β-carotenal (C27), β-

ionone (C13), and C9 dialdehyde as three possible cleavage products (Krinsky et al., 1993; 

von Lintig et al., 2005). It has been shown that ferret and mouse BCO2 can cleave 
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xanthophylls such as lutein and zeaxanthin in vitro (Mein et al., 2011). More recently, our 

laboratory has shown that, unlike mouse and many other mammalian BCO2 enzymes, 

human retinal BCO2 is an inactive xanthophyll cleavage enzyme, possibly as the result of an 

unusual –GKAA- amino acid insertion near the substrate binding tunnel that appears to be 

unique to primates and whose insertion into the mouse enzyme leads to its inactivation (Li et 

al., 2014). This finding can explain why, among mammals, only primates uniquely 

accumulate lutein and zeaxanthin in their retinas. This discovery has been confirmed by the 

accumulation of zeaxanthin in the retinas of BCO2 knockout mice (Li et al., 2014). Our 

novel finding of xanthophyll uptake into the BCO2 knockout mouse retina has been 

confirmed by a subsequent follow-up study from another group (Babino et al., 2015), but 

these authors offer a different explanation, in which they propose that human retinal BCO2 

cleaves xanthophyll but exists in a cellular compartment different from xanthophyll 

carotenoids (Babino et al., 2015; Palczewski et al., 2014). When they characterized primate 

BCO2 using an in vitro enzymatic assay, they could show only a very weak zeaxanthin 

cleavage activity with a truncated version of macaque BCO2, and they were still unable to 

demonstrate any xanthophyll cleavage activity with human BCO2 even though these two 

primate proteins share more than 90% homology. They speculate that their human BCO2 

with a His-tag expressed in E. coli is inactive because it is expressed as insoluble protein 

aggregates in bacterial inclusion bodies. On the other hand, we used a different bacterial 

expression vector with a GST-tag that generated a soluble BCO2 protein (Li et al., 2014). 

Our purified human BCO2 protein exhibited much lower binding affinity with lutein and 

zeaxanthin relative to mouse BCO2 in surface plasmon resonance binding assays, consistent 

with our hypothesis that human BCO2 is enzymatically inactive due to poor ability to 

capture substrate carotenoids.

2.2.3. Macular carotenoid-binding proteins—The macular carotenoids lutein, 

zeaxanthin, and their metabolites, such as meso-zeaxanthin, 3′-oxolutein, and 3′-epilutein 

are specifically localized in the outer plexiform layers of the human fovea area at extremely 

high concentrations, which makes the human fovea a visibly yellow spot at the center of the 

human macula (Figure 3a). In order to understand how these macular carotenoids are 

specifically delivered and stabilized, our laboratory initiated a long-term project to identify 

specific, high-affinity macular carotenoid-binding proteins comparable to carotenoid-

binding proteins responsible for the accumulation of carotenoids in other organisms such as 

LHC-II which binds lutein and zeaxanthin in plant chloroplasts and crustacyanin, the 

astaxanthin-binding protein in the shell of lobster. In our initial approach, tubulin is 

identified as a carotenoid-binding protein from the total soluble proteins of the human 

macula using photoaffinity labeling with radioactive canthaxanthin (Bernstein et al., 1997). 

Biological binding affinity studies showed that human tubulin could bind both lutein and 

zeaxanthin, but binding specificity and affinity were relatively low which sparked the quest 

to identify higher affinity, more specific binding proteins. Subsequently, glutathione S-

transferase P1 (GSTP1) was identified as the zeaxanthin-binding protein from the total 

membrane proteins of the human macula (Bhosale et al., 2004). Immunolocalization of 

GSTP1 in the human and monkey retina revealed that GSTP1 was concentrated in the outer 

and inner plexiform layers of the fovea and in the photoreceptor inner segment ellipsoid 

region (Figure 3b). Recombinant human GSTP1 exhibited high affinity for macular 

Bernstein et al. Page 13

Prog Retin Eye Res. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



zeaxanthins, with an equilibrium two-site average Kd of 0.33 μM for (3R, 3′R)-zeaxanthin 

and 0.52 μM for (3R, 3′S-meso)-zeaxanthin and only low-affinity interactions with lutein. 

When closely related human GST proteins were tested, GSTM1 and GSTA1 exhibited no 

appreciable affinity for lutein or zeaxanthin, further confirming the specificity of interaction 

between GSTP1 and macular zeaxanthin. It has been reported that GSTP1 can act as a 

retinoic acid cis-trans isomerase in a glutathione-independent manner (Chen and Juchau, 

1997). Our identification of GSTP1 as a zeaxanthin-binding protein in the macula of human 

eye and our subsequent finding that it can synergistically protect lipid membranes from 

oxidation assign additional important roles to this well-known protein (Bhosale and 

Bernstein, 2005b; Bhosale et al., 2004). Three polymorphic GSTP1 genes have been cloned 

from malignant glioma cells (Ali-Osman et al., 1997). More recently, it has been suggested 

that certain gene polymorphisms of GSTs including GSTP1 may be associated with the 

subsequent development of neovascular AMD, cortical cataracts, and MPOD (Juronen et al., 

2000; Meyers et al., 2013; Oz et al., 2006).

1n 2011, we identified steroidogenic acute regulatory domain protein 3 (StARD3) as the 

lutein-binding protein based on its homology to the silkworm lutein-binding protein, CBP 

(Li et al., 2011). StARD3, also known as MLN64, belongs to a lipid transfer related protein 

family composed of 15 identified protein members in humans (Alpy and Tomasetto, 2005; 

Sierra, 2004). StARD3 manifests several properties expected of a lutein-binding protein (Li 

et al., 2011). Shown macula-enriched by immunoblot analysis, StARD3 binds lutein 

selectively with high affinity. It induces a spectral shift of lutein's absorption spectrum in a 

manner that corresponds well with the in vivo MP spectrum, and it reveals an 

immunolocalization overlapping with our previously measured resonance Raman 

distribution of MP carotenoids. A specific antibody to StARD3, N-62 StAR, localizes to all 

neurons of monkey macular retina and is especially present in foveal cone inner segments 

and axons, but it does not co-localize with the Müller cell marker, glutamine synthetase 

(Figure 3c). Recombinant StARD3 selectively binds lutein with high affinity (KD= 0.45 μM) 

when assessed by surface plasmon resonance binding assays. Thus, StARD3 and GSTP1 

proteins provide abundant lutein- and zeaxanthin-binding sites, respectively, that account for 

the unique distribution and stability of carotenoids found in the primate macula lutea. The 

other functions of StARD3 are still not clear, but it is thought to participate in the 

transmembrane transport process of cholesterol based on the presence of its StAR domain 

(Alpy and Tomasetto, 2005; Strauss et al., 2002).

2.2.4. The pathways for macular pigment carotenoid uptake and transport—In 

Figure 8, we provide a brief schematic to describe our current understanding of the whole 

process of transport and retinal capture of MP carotenoids. Dietary carotenoids are released 

from ingested foods after ester cleavage (if necessary) and incorporated into lipid micelles. 

SR-BI and CD36 located on the surface of intestinal cells facilitate uptake and transport to 

the lymphatic and portal circulations in the chylomicron fraction. Although it is still not 

known if carotenoids are modified in the liver before release into the bloodstream, it is clear 

that supplying carotenoids to animals can increase their content in the liver. Most 

hydrophobic carotenoids such as lycopene and β-carotene are transported on low-density 

lipoprotein (LDL), whereas the more hydrophilic xanthophyll carotenoids, such as lutein and 
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zeaxanthin, are primarily carried by HDL. RPE SR-BI facilitates uptake of lutein, 

zeaxanthin, and other carotenoids into the cell. Interphotoreceptor retinoid binding protein 

(IRBP) may facilitate transport of lutein and zeaxanthin to the retinal cells via CD36 

(Vachali et al., 2013), but specificity and uptake are ultimately driven by selective binding 

proteins such as GSTP1 and StARD3. Poor cleavage activity of endogenous human retinal 

BCO2 enzymes assures sustained high levels of macular carotenoids

2.3. Non-human models for carotenoid physiology

2.3.1. Non-human primates—A macula lutea similar to humans makes non-human 

primates a favorable choice to study AMD (Handelman et al., 1992; Snodderly et al., 1991). 

Khachik and Bernstein identified oxidation products of lutein and zeaxanthin both in human 

and monkey retinas, which led them to propose that the oxidative-reductive pathways are 

similar in human and monkey retinas (Khachik et al., 1997a). Leung studied the effect of 

age and n-3 fatty acids, lutein, and zeaxanthin on the RPE (Leung et al., 2004). In 

xanthophyll-free monkeys, they observed a dip in the RPE cell density profile at the foveal 

center. They also observed a difference in the RPE profile depending upon the level of n-3 

fatty acids. Thus, they concluded xanthophylls and n-3 fatty acids are essential for the 

development and maintenance of RPE cells. Neuringer studied the accumulation of lutein 

and zeaxanthin in rhesus monkeys grown on xanthophyll-free diets to understand the 

accumulation of serum carotenoids and MP over time (Neuringer et al., 2004). Johnson et al. 

fed lutein to carotenoid-deficient rhesus monkeys and found the presence of meso-

zeaxanthin in the monkey retinas, demonstrating that lutein is the precursor for meso-

zeaxanthin (Johnson et al., 2005). Ocular toxicities of lutein and zeaxanthin were assessed 

using high-dose supplementation of monkeys (Khachik et al., 2006). Eighteen female 

monkeys were used in this study; five each in the lutein and zeaxanthin treatment groups, 

five in the lutein and zeaxanthin mixed feeding group, and three controls. They were 

supplemented 12 months and followed another six months after that. Although the sample 

size was relatively lower to derive a clinically significant conclusion, the supplementation of 

lutein or zeaxanthin for one year at a dosage of 10 mg/kg did not cause any ocular toxicity. 

Despite the fact that non-human primates have proven to be an excellent model to study 

macular pigment, the relatively high costs of maintenance and management of these animals 

in a laboratory setting limit their use (Lee et al., 1999).

2.3.2. Rodents—Mice and rats are the most extensively used animal models in carotenoid 

research. These animals have been used to study the various physiological aspects of 

carotenoid absorption and distribution. In 1951, High and Day reported one of the earliest 

animal studies on the impact of carotenoids on vitamin A storage and growth in rats (High 

and Day, 1951). Several other groups also have reported the absorption and bioavailability 

of carotenoids in rats and mice (Krinsky et al., 1990; Shapiro et al., 1984). In all of these 

studies, researchers have used a much higher level of carotenoids than what a weight-

normalized human subject would eat in a typical western diet (2-7 mg/day), and every 

rodent study published prior to 2014 failed to rigorously show that administered carotenoids 

actually accumulated in the animals' retinas. Although a few rodent studies did show that 

carotenoids were detectable in whole eyes, it turns out that wild-type mice never take up 

detectable lutein or zeaxanthin into their retinas unless carotenoid cleavage enzymes have 
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been knocked out (Li et al., 2014), so one must be careful in interpreting data from these 

previously published studies. Park and colleagues studied the effect of dietary lutein 

absorption from marigold extracts in BALB/c mice (Park et al., 1998a). Their study showed 

that mice can absorb lutein from the diet, and it is rapidly taken up by the plasma, liver, and 

spleen (Park et al., 1998b). Nagao's group reported a possible transformation of lutein to its 

corresponding keto-carotenoid when lutein ester is supplemented in mice (Yonekura et al., 

2010). In recent decades, genetically manipulated mice have become available for exploring 

the impact of different genes on carotenoid uptake and regulation; much research using these 

animals has been carried out in this direction.

Mice with genetically mediated knockout of carotenoid oxygenase enzymes (BCO1 and 

BCO2) have been used as a model system to study carotenoid metabolism. Von Lintig and 

colleagues studied the biochemical properties of BCO2 enzyme and the effect of BCO2 

deficiency in a mouse model (Amengual et al., 2011). Later, using the BCO1 knockout 

mouse model they showed that genetic disruption of BCO1 would result in β-carotene 

accumulation and vitamin A deficiency. Also, they observed that mammals employ both 

BCO1 and BCO2 enzymes to synthesize retinoids from provitamin A carotenoids 

(Amengual et al., 2013). We have reported that the inactivity of human BCO2 underlies the 

retinal accumulation of the human macular carotenoid pigment (Li et al., 2014). The BCO2 

knockout mice accumulated carotenoids in the retina as opposed to the wild-type mice fed 

with the same carotenoid supplemented food. Also, surface plasmon resonance binding 

studies showed that the binding affinities between human BCO2 and lutein, zeaxanthin, and 

meso-zeaxanthin are 10- to 40-fold weaker than those for mouse BCO2. This results in a less 

efficient capture of these carotenoids by the human BCO2 enzyme. These results provide a 

novel explanation for how primates uniquely concentrate xanthophyll carotenoids at high 

levels in retinal tissue.

Fernandez-Robredo studied the effect of lutein and antioxidant supplementation on vascular 

endothelial growth factor (VEGF) expression, matrix metalloproteinase 2 (MMP-2) activity, 

and RPE ultrastructural alterations in apolipoprotein E-deficient mouse models (Fernandez-

Robredo et al., 2013). They concluded that supplementation with lutein, glutathione, and a 

vitamin complex appears to be effective in reducing the ultrastructural RPE changes such as 

swelling of basal infoldings and opening of intracellular space junction between RPE cells 

(Fernandez-Robredo et al., 2013). A recent study by Yu investigated whether dietary 

wolfberry altered carotenoid metabolic gene expression and enhanced mitochondrial 

biogenesis in the retina of diabetic mice (Yu et al., 2013). It was concluded that dietary 

wolfberry up-regulated carotenoid metabolic gene expression, attenuated hypoxia, and 

enhanced mitochondrial biogenesis in the retina, which resulted in the neural protection of 

diabetic mice retina (Yu et al., 2013). Lutein is known to protect retinal neurons by its anti-

oxidative and anti-apoptotic properties in ischemia/reperfusion (I/R) injury (Li et al., 2012; 

Ozawa et al., 2012). Li studied the anti-inflammatory effects of lutein in retinal ischemic/

hypoxic injury in both in vivo and in vitro models (Li et al., 2012). In their study, the effect 

of lutein on Müller cells was investigated in a murine model of I/R injury and a culture 

model of hypoxic damage. The lutein-treated groups exhibited reduced gliosis in the I/R 
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retina (Li et al., 2012). They also observed decreased production of pro-inflammatory 

factors from Müller cells (Li et al., 2012).

2.3.3. Avian species—Birds are also commonly used in MP research, but they differ 

from the human system in significant ways, including a wider diversity of retinal 

carotenoids and extensive esterification and deposition of carotenoid esters in photoreceptor 

oil droplets. Wang studied the selective retention of lutein, meso-zeaxanthin, and zeaxanthin 

in the retina of chicks fed a xanthophyll-free diet (Wang et al., 2007) and found that lutein 

and zeaxanthin were selectively retained in their retinas. At the same time, the plasma and 

other tissues lost up to 90% of their original content of xanthophylls (Wang et al., 2007), 

confirming a high priority for retention of ocular xanthophylls (Wang et al., 2007). Japanese 

quail (Coturnix japonica) is another animal model that has been used to study MP 

metabolism because the cone-rich quail retina is similar to human macula (Lee et al., 1999), 

and the xanthophyll profiles in quail mimic those in primates. Toyoda studied the effect of 

zeaxanthin on tissue distribution of xanthophylls in quail (Toyoda et al., 2002). Xanthophyll 

supplementation increased the zeaxanthin levels in various tissues including retina. Using 

quail lens as a model, Dorey investigated the effect of zeaxanthin distribution in the lens by 

dietary supplementation (Dorey et al., 2005) and found that the zeaxanthin levels increase in 

response to supplementation and reduce the risk of cataract. Thomson et al. studied the 

effect of photoreceptor cell death in quails supplemented with zeaxanthin (Thomson et al., 

2002b) and found that a higher retinal zeaxanthin level reduced light-induced photoreceptor 

apoptosis. They also did a long-term supplementation study using the same model and found 

a similar retinal cell protective effect (Thomson et al., 2002a). Our group studied metabolic 

transformations in the quail retina (Bhosale et al., 2007a). Apart from dietary lutein (2.1%) 

and zeaxanthin (11.8%), we identified adonirubin (5.4%), 3′-oxolutein (3.8%), meso-

zeaxanthin (3.0%), astaxanthin (28.2%), galloxanthin (12.2%), ε,ε-carotene (18.5%), and β-

apo-2′-carotenol (9.5%) as major ocular carotenoids in the quail retina (Bhosale et al., 

2007a). Deuterium-labeled lutein and zeaxanthin supplements revealed that dietary 

zeaxanthin is the precursor of 3′-oxolutein, β-apo-2′-carotenol, adonirubin, astaxanthin, 

galloxanthin, and ε,ε-carotene, while dietary lutein is the precursor for meso-zeaxanthin, 

confirming Johnson et al.'s previous finding (Johnson et al., 2005). Like non-human 

primates models, birds are also relatively expensive and difficult to care for in a typical 

laboratory setting. Also, their carotenoids are mostly present is the esterified form, and care 

should be taken to perform efficient ester cleavage without generating artifacts during the 

extraction and analysis process.

2.3.5. Other species—Along with the major laboratory animal models discussed above, 

other animal species are also used in carotenoid research. Zebrafish were used to 

demonstrate BCO2's role as an oxidative-stress regulated protein during development (Lobo 

et al., 2012). They found knockout of this mitochondrial enzyme resulted in anemia at larval 

stages of the zebrafish. It was concluded that BCO2 was an important enzyme against 

oxidative stress that has a role in apoptotic pathways (Lobo et al., 2012). Voolstra studied 

the Drosophila class B scavenger receptor NinaD-I (Voolstra et al., 2006) and identified this 

protein as a cell-surface receptor mediating carotenoid transport for visual chromophore 

synthesis (Voolstra et al., 2006). Mein used ferret BCO2 as a model to study the enzymatic 
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formation of apo-carotenoids from lutein, zeaxanthin, and β-cryptoxanthin and identified 

both volatile and non-volatile apo-carotenoid products including 3-OH-β-ionone, 3-OH-α-

ionone, β-ionone, 3-OH-α-apo-10′-carotenal, 3-OH-β-apo-10′-carotenal, and β-apo-10′-

carotenal (Mein et al., 2011). Rabbits tissues were used to study the in-vitro toxicity profile 

of lutein and zeaxanthin-based dye solutions (Casaroli-Marano et al., 2015). They did not 

see any structural alterations in the neurosensory retina, RPE, or choroidal complex. These 

xanthophyll-based dye solutions have proven to be safe and can be used to stain intraocular 

structures in rabbits (Casaroli-Marano et al., 2015). Rabbits have also been used to study the 

absorption and distribution of carotenoids in plasma, liver, and adrenal glands(Yap et al., 

1997). In this study, rabbits were fed with the diet enriched with palm carotenes. Most of the 

supplemented carotenes were metabolized into retinol and retinyl esters and stored in liver 

and pancreas. They also found that vitamin E supplementation helps in the absorption of 

carotenes (Yap et al., 1997).

3. Carotenoids and Eye Disease and Function Throughout The Lifespan

3.1. Measurement of carotenoids in living tissue and evidence for effects of 
supplementation

There is a growing and evidence-based consensus that MP is important for optimal visual 

performance because of its blue light-filtering properties and consequential attenuation of 

chromatic aberration, veiling luminance, and blue haze (Hammond et al., 2014; Loughman 

et al., 2012), and it has been hypothesized that MP may protect against AMD because of the 

same optical properties and because of the antioxidant capacity of the three macular 

carotenoids (Sabour-Pickett et al., 2012). Also, it has been found that MP levels correlate 

with concentrations of lutein and zeaxanthin in the brain (Vishwanathan et al., 2013b; 

Vishwanathan et al., 2015). This had led researchers to speculate that the carotenoids that 

comprise MP may also play a role in the brain (the retina is part of the central nervous 

system), but the mechanisms whereby carotenoids may play a role in brain health are not 

known. It has been suggested that carotenoids may be important because of their antioxidant 

(Khachik et al., 1997a; Li et al., 2010) and anti-inflammatory properties (Ciccone et al., 

2013; Kijlstra et al., 2012). It has also been suggested that the carotenoids may play a 

beneficial role by enhancing gap junctional communication in the brain (Johnson, 2012; 

Stahl et al., 1997; Stahl and Sies, 2001). For the above reasons, there is a need to be able to 

measure MP in vivo, especially given these important hypothesized preventative roles of 

these nutrients in the human macula and brain. Today, valid measurement of MP is confined 

to the research setting, although there are now many commercially available devices which 

claim “clinic-friendly” measurement of MP; however, it is important to point out that any 

device that has been designed and promoted to measure MP quickly (a requirement of any 

busy ophthalmic clinic) may add more uncertainty about the validity of the measurement.

There are a variety of methods currently in use that claim to measure MP (Table S1). Of 

note, researchers have been debating the advantages and limitations of these techniques for 

over 20 years, but it is still not agreed which method is most suitable for measuring MP. 

This is not surprising, as it is extremely challenging to measure the yellow pigment of the 

macula lutea in living tissue. Indeed, one must remember that when we measure MP, we are 
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attempting to quantify nutrients located at the macula, and therefore we must take into 

account all the optical variables (e.g. lens, cornea, vitreous, etc.) that may influence or 

confound the values yielded with any given instrument. Therefore, it is important for any 

method attempting to measure MP to disclose and understand the assumptions upon which 

the method is premised and how these assumptions may relate to the optical properties of the 

human eye and the visual system. Add to this that, just like people, every eye is different. In 

other words, no method is perfect or without its limitations, assumptions, or challenges. 

Below, we discuss the various methods available to measure MP, and we discuss the most 

commonly used techniques.

The methods that are available to measure MP can be divided into psychophysical 

(sometimes referred to as “subjective”) and physical (sometimes referred to as “objective”). 

The psychophysical techniques available include color matching (Davies and Morland, 

2002), motion photometry, heterochromatic flicker photometry (Bone and Sparrock, 1971), 

and customized heterochromatic flicker photometry (cHFP) (Stringham and Hammond, 

2008). Of these psychophysical techniques, HFP and cHFP are the most widely used. With 

HFP, the subject is required to make isoluminance matches between two flickering lights: a 

green light (not absorbed by MP) and a blue light (maximally absorbed by MP). The log 

ratio of the amount of blue light absorbed centrally, where MP peaks, to that absorbed at a 

peripheral retinal locus (the reference point), where MP is assumed to be zero, gives a 

measure of the subject's MP optical density (MPOD). Customized HFP enhances the HFP 

technique by customizing the procedure for each subject by optimizing the flicker frequency 

and brightness of the targets used during each trial. Importantly, scientists have made 

significant efforts to validate the cHFP technique. For example, the Macular Densitometer™ 

(a device which uses cHFP) has been validated by comparing MP measurements to known 

biochemical markers (i.e. serum/plasma concentrations of MP's constituent carotenoids) and 

by comparing the data it generates with the in vitro spectral absorption curve of the macular 

carotenoids. Importantly, HFP and cHFP have demonstrated an ability to detect changes in 

MPOD following supplementation with MP's constituent carotenoids (Landrum et al., 1997; 

Sabour-Pickett et al., 2014).

Physical techniques currently used for measuring MP include resonance Raman 

spectroscopy, fundus autofluorescence, and fundus reflectance. Raman spectroscopy is 

based on Raman effect/shift, which is inelastic scattering of photons by the molecule under 

investigation. In other words, the wavelength of a small fraction of the radiation scattered by 

certain molecules differs from that of the incident beam, and the shift in wavelength depends 

upon the chemical structure of the molecules responsible for the scattering. Of note, the 

carotenoid pigments, by virtue of their long, conjugated isoprenoid backbones are ideally 

suited for detection by resonance Raman spectroscopy. Bernstein and Gellermann were the 

first to develop a method using a laser spectroscopic technique of resonance Raman 

scattering to measure MP (Bernstein et al., 1998). Blue/green argon laser lines are used to 

resonantly excite the electronic absorption of the carotenoid pigments, and Raman signals 

relating to the pigments are recorded on a spectrometer. The Raman scatter corresponds to 

discrete shifts in the light frequency of photons exactly equal in magnitude to the stretch 

frequencies of the carbon single- and double- bonds. Raman scattering is a very weak optical 
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effect, which means that Raman spectra obtained from biological tissues can be quite 

complex, making it challenging to distinguish and quantify the peak(s) of interest from the 

multitude of other compounds present; however, when a molecule is illuminated with 

monochromatic light overlapping its absorption band, then the Raman scattered light will 

exhibit a substantial resonance enhancement. In the case of a carotenoid molecule, a 488 nm 

argon laser light provides an extraordinarily high resonance enhancement of Raman signals 

of up to five orders of magnitude, allowing carotenoids to be readily detected and quantified 

in complex biological samples such as the human macula. Furthermore, Raman peaks are 

highly specific for a carotenoid molecule because their spectral locations correspond exactly 

to the vibrational energies of the Raman-active bonds within the molecules and have specific 

relative intensities. While the principle of using Raman scatter to measure MP is logical, this 

technique is not routinely used in clinical studies, which is likely due to the cost of the laser 

and high sensitivity detection equipment and uncertainties around the impact of the lens and 

pupil size when performing a measurement. The technique, however, has been shown to be 

reproducible (Neelam et al., 2005), and capable to detect change in MP following 

supplementation with the macular carotenoids (Beatty et al., 2013).

Fundus autofluorescence imaging (AFI) uses a confocal scanning laser ophthalmoscope 

(cSLO) or fundus camera. AFI exploits the fluorescent properties of lipofuscin present in the 

RPE. RPE lipofuscin is a fluorophore that accumulates over time from the phagocytosis of 

photoreceptor outer segments. Lipofuscin is excited in vivo between 400 and 590 nm (peak 

excitation at 490-510 nm) and emits autofluorescence at 520-800 nm (peak emission at 

590-630 nm). MP, which is located anterior to the RPE, and which maximally absorbs light 

at 460 nm, attenuates lipofuscin's autofluorescence if the excitation wavelength falls within 

the absorption spectrum of MP (Figure 9). At the fovea, excitation light within the 

absorbance range of MP is partially absorbed by the carotenoids, resulting in an area of 

reduced fluorescence. New devices, such as the Heidelberg Spectralis (Heidelberg 

Engnieering, Carlsbad, CA, USA), use the two-wavelength autofluorescence technique to 

measure MP. With this technique, the device captures sets of images at two excitation 

wavelengths (Figure 10). These images are averaged and aligned and are used to produce a 

map of MP extending in a 10° radius around the center of the fovea (Figure 11).

Work by Delori et al in 2001 comparing MP obtained using AFI and HFP in the same 

subjects (mean age = 52± 17 years, with normal retinal status) reported that MP determined 

by the autofluorescence method were higher than the MP densities measured 

psychophysically by HFP (Delori et al., 2001). Of note, a recent study has confirmed that 

measuring MP using AFI displays good concordance with MP measured using cHFP on the 

same subjects (free of retinal disease) (Dennison et al., 2013), but additional work is needed 

to confirm its reliability across populations (e.g. patients with AMD and patients with 

cataracts; this work is currently underway in Waterford, Ireland). This technique has also 

been successful in detecting augmentation of MP following supplementation with the 

carotenoids lutein, zeaxanthin, and meso-zeaxanthin in normal subjects and in subjects with 

Alzheimer's disease (Nolan et al., 2015).

Fundus reflectance, which quantitatively measures the light reflected from the retina and 

choroid using a reflectometer, a fundus camera, or a cSLO has also been widely used for the 
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measurement of MP. There are currently two methods utilizing the reflectance technique to 

measure MP. Reflectance methods, in general, are susceptible to image degradation 

attributable to intra-ocular light scatter. The first technique uses white light to illuminate the 

retina in conjunction with the spectral analysis of the reflected light, and it requires complex 

and controversial mathematical models (with many assumed free parameters) to derive a 

measure of MP. The second technique uses two wavelengths, one substantially absorbed by 

MP (e.g. 488 nm) and one not absorbed by MP (e.g. 540 nm) for the purpose of 

normalization (Berendschot et al., 2003; Berendschot and van Norren, 2004). This latter 

procedure is necessary in order to take account of the absolute difference in reflection 

between the fovea and parafovea; otherwise the measure would be a compound of MP 

absorption and absolute reflectance. In contrast to the agreement seen between cHFP and AF 

discussed above, MP values obtained using fundus reflectance in that study were not 

comparable with either cHFP or AF values (Dennison et al., 2013).

Other recent developments in MP research include the measurement of MP in infants and 

children. It is believed that measuring MP distribution in the infant population may be 

important in our understanding of the role of MP in later life. Bernstein's laboratory recently 

developed a protocol using a digital video fundus camera (RetCam; Clarity Medical 

Systems, Inc., Pleasanton, CA) to measure MP distributions in premature infants and in 

children (Bernstein et al., 2013). In brief, this is a reflectance method where video-captured 

images centered on the fovea are collected on a digital fundus camera using a blue-light 

fluorescein angiography light source and an 80° collection lens. Illumination intensity for 

the blue light source and the detector gain sensitivity are set at midrange on the instrument's 

dials and adjusted as necessary to produce usable images for MP measurement.

In conclusion, there are many important factors that need to be considered when choosing a 

device to measure MP, and this will be influenced greatly by the population being studied 

(e.g. patients with and without retinal disease, infants, patients with Alzheimer's disease, 

etc.). The main factors to consider include: 1) Is the measurement reliable? For example, has 

the device been validated? 2) Is the measurement influenced by the optics of the eye and/or 

external factors? 3) Is the device suitable for use in the research or clinic setting, how much 

training is required, is it easy to use, are measurement protocols available, and are they 

standardized? 4) How much does it cost, and is it feasible to obtain? 5) Does it provide a full 

spatial image of MP or just MP measurements at discrete eccentricities? Of course, it is 

understood that all methods currently available to measure MP have advantages and 

limitations. It is our view that cHFP and AFI techniques are the most promising techniques 

and are suitable to detect change in MP following supplementation with the macular 

carotenoids, however, we advise that, for clinical trials, the same method should be used 

throughout the study in order to limit error when measuring MP.

3.2. Functional effects of carotenoids in the normal eye

3.2.1. Visual benefits of macular pigment—Over two decades of research has been 

conducted into the preventative role of MP and its constituent carotenoids for AMD 

(Sabour-Pickett et al., 2012). Indeed, we know that MP is a short-wavelength (blue) light 

filter (Bone et al., 1992), and a powerful antioxidant (Khachik et al., 1997a), and because of 
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these properties it is believed to protect against AMD. Beyond its “protective” hypothesis, 

MP's optical and anatomic properties have prompted the “optical” hypotheses of this 

pigment. The “optical” hypotheses of MP were originally discussed by Schultze et al in1866 

(Schultze, 1866) Reading and Weale in 1974 (Reading and Weale, 1974) and later by 

Nussbaum, Pruett, & Delori in 1981 (Nussbaum et al., 1981) and include MP's ability to 

enhance visual function and comfort by attenuation of the effects of chromatic aberration 

(Figure 12) and light scatter (Figure 13), via its light-filtering properties (Walls and Judd, 

1933). In 1866, Schultze et al proposed that that MP could improve acuity by reducing the 

deleterious effects associated with the aberration of short-wave light (Schultze, 1866). This 

hypothesis has since been discussed by Werner in 1987 (Werner et al., 1987) and later by 

Wooten and Hammond in 2002 (Wooten and Hammond, 2002). However, in 2007 Engles et 

al modelled and evaluated the hypothesis and found that MPOD did not correlate 

significantly with either gap or hyperacuity measured in the yellow or white conditions, and 

therefore, their data did not support the predictions of the acuity hypothesis (Engles et al., 

2007). It appears that any acuity advantage gained by higher levels of MP is offset by a 

commensurate reduction in luminance (which correlates positively with acuity). It has also 

been suggested that MP could enhance the contrast of objects on a background via color 

filtering (Wooten and Hammond, 2002). This hypothesis was recently tested and found to be 

tenable, which has important implications for visual function in the non-diseased eye (Renzi 

and Hammond, 2010).

For example, under natural conditions (e.g. walking outside), objects are often presented on 

short-wavelength backgrounds, such as a blue sky or green leaves, meaning that the filtering 

properties of MP is likely to impact positively on real-life vision. MP's pre-receptoral 

filtration of short-wavelength (blue) light is believed to reduce the adverse impact of glare 

disability, light scatter and chromatic aberration, thereby optimizing contrast sensitivity 

(Hammond et al., 2012; Stringham and Hammond, 2008). It follows, therefore, that 

augmentation of MP would result in enhanced contrast sensitivity and improved glare 

disability, and studies investigating the impact of carotenoid supplementation in normal 

subjects are discussed below.

Also, 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 (Renzi et al., 2013). 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 (Crabtree et al., 2001; Ozawa et al., 2012; Stahl and Sies, 2001).

3.2.2. Clinical trials investigating the macular carotenoids in normal subjects
—As discussed above, there exists a biologically plausible hypothesis that MP is important 

for visual performance in normal subjects (i.e. subjects without ocular disease). Of note, 

many studies have reported on the cross-sectional relationship between MP and a plethora of 

visual performance parameters (Loughman et al., 2010; Stringham et al., 2011; Stringham 

and Hammond, 2008), and a number of trials have investigated the impact of 

supplementation with the macular carotenoids on visual performance in these subjects, with 

the majority of these studies exhibiting a positive effect following supplementation with 
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these nutrients (Table 1). Here we discuss some of the published clinical trials assessing the 

effects of visual performance in normal subjects. We focus on trials conducted in Waterford, 

Ireland, but present data and findings for all relevant trials in Table 1.

The Collaborative Optical Macular Pigment Assessment Study (COMPASS), a randomized 

controlled trial, was designed to investigate the impact of supplementation with macular 

carotenoids versus placebo, on MP and visual performance (Nolan et al., 2011). In 

COMPASS, one hundred and twenty-one normal subjects were recruited (age range: 18 - 41 

years). The active group consumed 12 mg of lutein and 1 mg of zeaxanthin (but no meso-

zeaxanthin) every day for 12 months (n=61), and the remainder of the subjects were on 

placebo. A range of psychophysical tests were used to assess visual performance, including: 

visual acuity, contrast sensitivity, glare disability, and photostress recovery. Subjective 

visual function was determined by questionnaire, and MP was measured using customized 

heterochromatic flicker photometry. The results of this study showed that central MP 

increased significantly in the active group, whereas no such augmentation was demonstrable 

in the placebo group. Of note, however, this modest augmentation in MP using a lutein-

based formulation was observed only at the 12-month study visit, and the increase is much 

smaller in comparison with recent studies which include all three macular carotenoids in the 

formulation (see below). Also, the increase in MP did not correlate with an improvement in 

visual performance (Nolan et al., 2011).

The meso-zeaxanthin Ocular Supplementation Vision Trial (MOST Vision) investigated the 

effect of supplemental macular carotenoids, including a formulation containing meso-

zeaxanthin, on visual performance in normal subjects (Loughman et al., 2012). The thirty-

six recruited subjects were assigned to one of three groups: the first was given a high dose 

(20 mg) of lutein and 2 mg zeaxanthin (Group 1); the second group was given 10 mg lutein, 

10 mg meso-zeaxanthin and 2 mg zeaxanthin (Group 2); and the third group was given 

placebo (Group 3), every day for six months. A statistically significant increase in MP was 

observed (determined at three months following commencement of supplementation) only 

among subjects supplemented with a formulation containing all three macular carotenoids, 

including meso-zeaxanthin (Group 2). Statistically significant improvements in visual acuity 

were observed at six months, but only for subjects in Group 2. Contrast sensitivity (under 

mesopic and photopic conditions) and glare disability under mesopic conditions were 

assessed using the Functional Acuity Analyzer™ at the following spatial frequencies: 1.5, 3, 

6, 12 and 18 cycles per degree (cpd). Statistically significant improvements in CS were 

noted across a range of spatial frequencies, under photopic (3, 12 and 18 cpd) and mesopic 

conditions (1.5, 3, 12 and 18 cpd), again only among subjects supplemented with meso-

zeaxanthin (with a single exception of improved contrast sensitivity at a single spatial 

frequency [6 cpd] in the high lutein group [Group 1]). There were no statistically significant 

improvements in mesopic glare disability between baseline and six months in Groups 1 and 

3, however, there was a demonstrable improvement in mesopic glare disability for subjects 

in Group 2 for all spatial frequencies tested (with the exception of 18 cpd).

A recent randomized, double-blind, placebo-controlled, 1-year interventional study in 120 

normal subjects (Chinese drivers) examined the effect of lutein supplementation on visual 

function (Yao et al., 2013). The active group consumed 20 mg of lutein daily. Participants 
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were assessed at baseline, 1, 3, 6, and 12 months. Assessment included visual acuity, serum 

lutein concentrations, MP, and visual performance. At the onset and at the end of the 

intervention, visual-related quality-of-life was measured. Serum lutein and central MP in the 

active group increased significantly, whereas no change was observed in the placebo group. 

The authors reported important increases in contrast sensitivity and glare disability, 

especially in the mesopic condition, and there were significant improvements in the vision-

related quality-of-life in the active group. The authors concluded that supplementation with 

lutein may benefit driving at night and other spatial discrimination tasks conducted under 

low illumination.

The Central Retinal Enrichment Supplementation Trial (CREST) is currently underway and 

will further enhance our understanding of the role of the macular carotenoids in normal 

subjects (Akuffo et al., 2014). CREST has two trial study populations under investigation 

(Trial 1 = normal subjects with low MP and Trial 2 = subjects with early AMD), and the 

main objectives of both trials are to investigate the impact of MP enrichment on visual 

function. The active intervention (in Trial 1) contains 10 mg lutein, 2 mg zeaxanthin, and 10 

mg meso-zeaxanthin, which is interesting because recent studies suggest that 

supplementation with a formulation containing all three macular carotenoids (i.e. lutein, 

zeaxanthin, and meso-zeaxanthin) offers advantages over formulations not containing all 

three components of MP (e.g. just lutein and zeaxanthin) (Loughman et al., 2012; Meagher 

et al., 2013; Nolan et al., 2012; Sabour- Pickett et al., 2014; Thurnham et al., 2015), and it is 

important to fully test this hypothesis in the context of a correctly powered, well-designed, 

clinical trial with appropriate outcome measures (i.e. visual function, including CS and GD). 

The results of CREST Trial 1 are expected to be available in 2015.

In conclusion, there is a biologically plausible rationale, supported by MP's light-filtering 

properties, which suggests that augmentation of MP will enhance visual function and 

comfort by attenuation of the effects of chromatic aberration and light scatter. Indeed, 

clinical trials have repeatedly shown that supplementation with the macular carotenoids 

lutein, zeaxanthin, and meso-zeaxanthin results in augmentation of MP, and consequential 

benefits in visual performance such as improved contrast sensitivity and reduced glare 

diability. The importance of these findings extends to those involved in vision-dependent-

specialized activities, such as pilots, vehicle drivers, military personnel, and athletes.

3.3. Carotenoid interventions against age-related macular degeneration (AMD)

Much has changed in ophthalmologists' management and treatment of AMD in the past few 

decades. A once largely ignored and poorly understood disease of aging now consumes 

billions of healthcare dollars in the United States and other developed countries, and with 

longer lifespans, its prevalence is rising in the developing world as well. The exudative or 

“wet” form of AMD formerly was considered the most devastating manifestation of the 

disease because of its abrupt onset and inexorable decline of vision toward legal blindness, 

but the introduction of effective anti-VEGF compounds ten years ago has given hope that 

vision can even improve with treatment; however these medications come at a steep price 

both monetarily and in the often monthly returns to the retina specialist's office for repeated 

intravitreal injections. Moreover, the advanced “dry” form of AMD known as geographic 
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atrophy has proven much more resistant to therapeutic interventions. Even though its rate of 

progression is much slower than exudative AMD by at least a factor of 10, loss of central 

vision still occurs, and no medication for dry AMD has successfully cleared the FDA's 

rigorous clinical testing requirements for approval in the United States. Thus, there is still 

considerable interest in preventing or delaying the onset of AMD by identifying and 

modifying risk factors for this devastating blinding condition.

We now understand that AMD is a complex disorder with multiple inherited risk factors 

including one major genetic risk locus on chromosome 1 in the complement factor H region 

and a second equally important locus in the HTRA1/ARMS2 region on chromosome 10, 

along with myriad other minor genetic risk factors identified through genome-wide 

association studies (GWAS) (Ding et al., 2009; Kanda et al., 2007; Klein et al., 2005; 

Montezuma et al., 2007; Neale et al., 2010; Yang et al., 2006). Other non-modifiable traits 

associated with increased risk of AMD include light skin color, light iris color, and possibly 

female gender, and, of course, increasing age is associated with a nearly exponential rise in 

incidence and prevalence of clinically significant AMD (Holz et al., 1994; Hyman et al., 

2000; West et al., 1989). Although identification of inherited and other non-modifiable risk 

factors can guide the development of rational novel treatment strategies such as 

pharmacologic, gene therapy, growth factor, and stem cell treatments, the current reality 

demands attention to identify and alter more modifiable risk factors.

Modifiable risk factors for AMD are generally identified initially through epidemiological 

studies conducted in conjunction with logical inferences based on the known 

pathophysiology of the disease. In case-control studies, cohorts of AMD patients are 

matched by age and other demographic characteristics with individuals without AMD, and 

then through the use of sophisticated statistical models, potential risk factors for AMD can 

be identified after correcting for any confounding influences. Epidemiological studies are 

best at identifying associations, but they do not prove causality, and confirmation of findings 

from multiple independent studies generates added confidence that the associations are 

clinically verifiable. Once these associations are identified, they can be used to guide future, 

focused small and large interventional studies and to generate scientifically based public 

health recommendations. AMD is a prime target for epidemiological studies because it is so 

common, but its late onset and diverse manifestations have made it a challenge. Cigarette 

smoking has repeatedly been identified as an AMD risk factor, and it is therefore 

noncontroversial to recommend that all individuals at risk for AMD cease smoking or never 

start (Cheng et al., 2000; Seddon et al., 1996; Sobrin and Seddon, 2014). Excessive light 

exposure would seem to be a reasonable risk factor for AMD based on its potential to incite 

oxidative damage to lipid membranes and proteins under both acute and chronic conditions. 

Surprisingly, so far, only a few studies have generated positive associations between light 

exposure and AMD (Evans, 2001; McCarty and Taylor, 1999; West et al., 1989). This is in 

part due to the difficulty of quantifying long-term light exposure in subjects, which means 

that most studies have concentrated on extreme conditions encountered by fishermen and 

other outdoor workers where it is logistically straightforward to match subjects who 

routinely used hats and sunglasses with subjects who did not employ these sun protection 

strategies.
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Diet has been of particular interest to AMD epidemiologists because multiple laboratory 

studies have implicated oxidative stress as a major potential mechanism underlying damage 

generated in cell culture and animal models of AMD (Crabtree et al., 1996; Kelly et al., 

2014; Rabin et al., 2013), and diet is the usual source of antioxidants and other protective 

nutrients for most individuals. Moreover, the general public is often interested in and 

receptive to dietary and supplement recommendations from physicians and public health 

authorities as a means to empower themselves to avoid a common and dreaded disease such 

as AMD. Nutritional epidemiological studies have cast a very wide net based largely on 

dietary surveys and to a lesser extent on blood levels and other biomarker studies. Dietary 

surveys can be quite challenging, however, because they may be limited by the quality of 

nutrient databases and questionnaires, by subject fatigue when faced with burdensome 

comprehensive food diaries and surveys, and by subject recall bias, while blood and 

biomarker studies are often invasive and may be of limited value in defining nutritional 

status. A wide variety of nutrients have been implicated in AMD risk including antioxidant 

minerals such as zinc and selenium, antioxidant vitamins such as vitamin C and vitamin E, 

omega-3 fatty acids such as EPA and DHA, and various carotenoids naturally found in the 

eye such as lutein and zeaxanthin (Age-Related Eye Disease Study Research et al., 2007; 

Augood et al., 2008; Evans and Lawrenson, 2012; Landrum et al., 1997; Seddon et al., 1994; 

Seddon et al., 2001; Vishwanathan et al., 2013a).

The association of carotenoids and eye health extends back for centuries based largely on 

the recognition that consumption of certain foods such as carrots can help to treat and 

prevent symptoms of night blindness, and Chinese traditional medicine has long 

recommended consumption of carotenoid-rich bright orange goji berries as healthy for the 

eyes. Nineteenth and early twentieth century chemists isolated and elucidated the structures 

of vitamin A and β-carotene and recognized that central cleavage of β-carotene could 

directly lead to vitamin A aldehyde which could be readily reduced to vitamin A itself, and 

in the mid-twentieth century, Wald conducted his Nobel-prize winning work that showed 

that a metabolite of vitamin A, 11-cis-retinaldehyde, was the chromophore for the “visual 

purple” which later became known as rhodopsin (Wald and Brown, 1958). Meanwhile, 

anatomists recognized that the macula of the human eye had a distinct yellow spot, the 

macula lutea, and Wald was able to determine that macular extracts had spectral 

characteristics typical of carotenoids, but that the MP was not β-carotene because it had 

chemical properties consistent with xanthophylls, oxygenated carotenoid derivatives of the 

carotenes (Wald, 1945). Several decades later, Bone and Landrum revisited the chemical 

composition of the human MP using HPLC, and they preliminarily identified the MP as a 

mixture of two plant-derived xanthophylls with no vitamin A activity, lutein and zeaxanthin 

(Bone et al., 1988). A few years later, they completed their chemical characterization of the 

MP when they found that the zeaxanthin component was actually a mixture of dietary 3R,

3′R-zeaxanthin and non-dietary 3R,3′S-meso-zeaxanthin (Bone et al., 1993).

At about the same time that Bone and Landrum and other groups were analyzing the 

carotenoid composition of the human macula, the first major epidemiological study of 

nutrition and AMD, the Eye Disease Case-Control (EDCC) Study, noted that blood levels of 

lutein and zeaxanthin inversely correlated better than blood levels of β-carotene with risk of 
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exudative AMD (Eye Disease Case-Control Study Group, 1993), and a follow up study led 

by Seddon confirmed with dietary surveys of the EDCC subjects that consumption of foods 

rich in lutein and zeaxanthin such as dark green leafy vegetables and various orange and 

yellow fruits and vegetables were associated with a significantly lower risk of advanced 

AMD, while β-carotene-rich foods such as carrots were not significantly protective (Seddon 

et al., 1994). Specifically, individuals with the highest quintile of lutein and zeaxanthin 

consumption (∼6 mg per day) had a 43% lower risk of exudative AMD relative to 

individuals in the lowest quintile of consumption (<1 mg per day). As mentioned above, 

single epidemiological studies should not be interpreted in isolation from other evidence 

unless they can be replicated in independent cohorts. Relative to smoking, this has been 

much more challenging in the case of lutein and zeaxanthin. First, quantitation of dietary 

lutein and zeaxanthin intake is limited by the quality of available nutrient databases and 

dietary surveys. Second, dietary assessment of nutrient intake is confounded by many more 

factors relative to taking a smoking history. Thus, replication of the EDCC findings has had 

a decidedly mixed history, with some studies confirming the apparent protective effects of 

lutein and zeaxanthin and others that did not confirm the association (Mares-Perlman et al., 

1995). Many of these non-confirming studies were inadequately powered, however, whereas 

a similarly sized analysis of the AREDS cohort did come to the same conclusion as the 

EDCC Study (Age-Related Eye Disease Study 2 Research, 2013). Trials are also limited by 

their short term nature, poorly modeling the influences on early stages of AMD which 

develop over a long time period. Therefore, such epidemiologic controversy is best settled 

by a randomized clinical trial, but no such data were available in the mid-1990s when 

commercial production and marketing of lutein containing supplements began in the United 

States. Nevertheless, lutein supplementation was enthusiastically embraced as a low-dose 

“eye healthy” component of general consumer multivitamins at ∼0.25 mg per day and in 

supplements marketed to AMD patients at doses ranging from 2-20 mg per day.

Dietary surveys and blood level analyses of lutein and zeaxanthin provide only indirect 

information on the nutritional status of the tissue of interest, the human macula. Although 

clinical studies generally confirmed that dietary surveys and blood lutein and zeaxanthin 

levels significantly correlated with central MPOD, the correlation coefficients were typically 

rather low. This was not unexpected based on growing knowledge that deposition of lutein 

and zeaxanthin in the macula is a saturable, regulated process mediated by specific binding 

proteins and transporters. Therefore, after the publication of the EDCC studies, several 

research groups embarked on studies to correlate MP levels with risk of AMD (Arend et al., 

1995; Beatty et al., 2000; Berendschot et al., 2002; Bernstein et al., 2002; Bone et al., 2001; 

LaRowe et al., 2008; Nolan et al., 2007; Snodderly et al., 2004; Stringham et al., 2008). As 

discussed earlier in this article, there are numerous methods to measure MP, each of which 

has particular strengths and limitations, and all have been used in recent years to probe the 

relationship of macular carotenoids and AMD risk. Direct HPLC analysis of macular tissue 

is the most chemically specific method because it can separate all three major components 

of the macular carotenoid pigment, but it requires the collection of valuable postmortem 

tissue, and its spatial resolution is limited to the 2-5 millimeter scale by detection sensitivity 

and by the fact that the tissue must be dissected and trephined by hand. Moreover, clinical 

histories of control and AMD donor eyes may be very limited. Bone and Landrum published 
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the most comprehensive donor eye study in 2001, a time when lutein and zeaxanthin 

supplementation was very uncommon, in which 56 donor eyes with AMD and 56 control 

eyes were analyzed by HPLC using concentric regions of retina from 0-5 degrees, 5-19 

degrees, and 19-38 degrees (Bone et al., 2001). Lower levels of lutein and zeaxanthin were 

found in the AMD eyes at all eccentricities, and there were concerns that AMD pathology 

could contribute to the lower central levels, but the fact that lower levels persisted to the 

periphery was felt to be consistent with low levels of retinal xanthophylls as a risk factor for 

AMD. Unfortunately, 3R, 3′R-zeaxanthin and 3R, 3′S-meso-zeaxanthin were not separable 

by their HPLC methods. Future replicate case-control autopsy eye studies will be even more 

challenging because lutein and zeaxanthin use by AMD patients and even-non-AMD 

controls has become so prevalent in the United States. This was made clear in a 2007 study 

from our laboratory in which ocular tissues from 228 eyes from 147 Utah donors without 

known AMD were analyzed using normal phase and chiral chromatography (Bhosale et al., 

2007b). Eighteen percent of donors age 48 and older had unusually high levels of lutein and 

its metabolite meso-zeaxanthin in macula, peripheral retina, and lens, and retrospective 

questionnaires of selected donors' families confirmed that these high levels could be 

explained by high-dose lutein supplementation prior to death.

Numerous epidemiological studies have used the most common method of MPOD 

measurement, heterochromatic flicker photometry (HFP). This psychophysical measurement 

is well suited to large population studies because the equipment is portable and relatively 

low cost and can be used without pupil dilation, but it requires a significant commitment to 

train the subjects to perform the task accurately and reproducibly. HFP can be particularly 

difficult in elderly individuals with macular pathology which also limits its use in the AMD 

population. Its spatial resolution is limited, which means that many AMD studies use just a 

single measurement at ∼0.5 degrees of eccentricity relative to a zero point at ∼7 degrees, 

but some studies try to map out a rough spatial profile with additional eccentricities which 

lengthens the measurement time and may lead to subject fatigue. Initial studies examined 

subjects with intermediate AMD in one eye and advanced exudative AMD in the fellow eye 

and found that the better eye had lower MPOD relative to unaffected age-matched controls 

(Beatty et al., 2000), and more recent studies from this same group have correlated low 

MPOD with various well-known risk factors for AMD such as age, smoking, and a positive 

history of AMD in a close family member (Nolan et al., 2007), although other groups have 

failed to confirm these correlations, especially with regard to age (Berendschot and van 

Norren, 2005), suggesting either methodological differences or subject selection bias (clinic-

based versus population-based versus recruited volunteers). The CAREDS study correlated 

MPOD with various genetic risk factors for AMD and found some interesting correlations 

with genes such as GSTP1, BCMO1, SCARB1, ABCA1, ABCG5, LIPC, ELOVL2, FADS1, 

FADS2, ALDH3A2 and RPE65 (Meyers et al., 2013). As with any genetic association 

study, these findings will need to be confirmed in independent study populations.

Resonance Raman measurement of macular carotenoids was developed as an optical 

alternative to the psychophysical methods of MP measurement that is best suited to a clinic-

based population because it requires pupil dilation. It is an integral method that measures the 

total amount of macular carotenoids in the 1-mm field illuminated by the low-power blue 
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laser light for less than one second (Bernstein et al., 1998). It does not require a peripheral 

zero reference point, but small pupils and various media opacities may artifactually lower 

measured levels (Ermakov et al., 2005). It is typically measured on an externally calibrated 

scale of Raman counts which makes it difficult to compare results to more commonly 

reported MPOD levels from other methods. Initial studies on a case-control Utah clinic-

based population found that Raman counts were 32% lower in AMD subjects versus age-

matched controls unless the AMD subjects had a history of routine lutein supplementation 

(Bernstein et al., 2002). Follow up studies in Japan using an improved version of the 

instrument with video monitoring of subject fixation have confirmed these findings (Obana 

et al., 2014; Obana et al., 2008), but further research elsewhere has been hampered by 

limited availability of this costly custom-built laser-based equipment. On the other hand, 

resonance Raman measurement of skin carotenoids is a commercialized noninvasive method 

to measure systemic carotenoid status that is well correlated with tissue and serum levels 

and is an excellent biomarker of fruit and vegetable consumption (Mayne et al., 2013; 

Scarmo et al., 2012). Unfortunately, correlations with macular carotenoid levels are poor in 

adults (Bernstein et al., 2012), but they do correlate significantly in infants and children 

(Henriksen et al., 2013).

In recent years, imaging-based methods of MP measurement have come into wider use in 

AMD epidemiological studies. These methods have the advantage of micron spatial 

resolution over a field that can encompass the entire macula, and they are well adapted to 

measure both peak MPOD levels and integrated total MPOD measurements (“area under the 

curve”). They provide spatial maps of MP distributions that are easily appreciated by both 

ophthalmologists and their patients, and post-processing analysis is readily accomplished if 

zero-point baselines or foveal centration need to be adjusted. AMD patients can pose a 

substantial challenge for imaging, however, if they have significant media opacities, small 

pupils, or macular pathology. Autofluorescence imaging (AFI) is the most commonly used 

MP imaging technique. It is based on the principle that RPE lipofuscin's fluorescence is 

attenuated by the MP's absorption of blue excitation light (Delori, 2004). This manifests as a 

central dark spot centered at the fovea on blue light autofluorescence images that can then be 

displayed as a MP intensity map. Although it can be done in a single wavelength mode, 

digitally subtracting a green autofluorescence image taken at a wavelength with minimal MP 

absorption will improve image quality and reliability in patients with significant AMD 

pathology (Delori, 2004). Initial AFI studies on AMD patients and normal patients (at high 

risk of developing AMD) were most remarkable for the recognition that AMD patients were 

more likely to have MP patterns that deviated from the classically described smoothly rising 

central peak (Bernstein et al., 2012). Some subjects had ring-shaped shoulders or even 

central dips. Quantitative differences between normal and AMD subjects were harder to 

prove because by this time lutein supplementation had become commonplace in the United 

States and Europe. In fact, when Utah AMD patients were measured at their baseline 

AREDS2 visit, their average peak MPOD was twice the Utah population average, due 

presumably to the high rate of prior carotenoid supplementation (70%) in the enrolled 

population (Bernstein et al., 2012). Some AFI studies have suffered from inconsistencies in 

the AMD population that have been ascribed to cataracts and other age-related media 

opacities (Sharifzadeh et al., 2014), but newer dual-wavelength technologies based on 
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modern confocal scanning laser ophthalmoscopes with infrared laser image tracking and 

high sensitivity detectors with excellent linear response seem particularly promising for 

future AMD studies. There is much less experience with other MP imaging techniques in the 

AMD population. Reflectometry may suffer from media opacities and macular pathology 

that will complicate image acquisition and that may invalidate the assumptions in the 

underlying mathematical model. Only a few reflectometry studies have been carried out with 

commercial instrumentation in Europe and Japan (Kazato et al., 2010; van de Kraats et al., 

2008), and it is concerning that results do not correlate well when tested head-to-head 

against AFI or HFP in the same patients (Dennison et al., 2013). Resonance Raman imaging 

can also be implemented in a chemically specific imaging mode, but required light levels 

approach ANSI limits, so only a few normal volunteers have been imaged (Sharifzadeh et 

al., 2008).

Most of the small-scale prospective carotenoid supplementation studies have been carried 

out in the AMD population with monitoring by HFP, AFI, resonance Raman, or 

reflectometry, but they have generally been underpowered in terms of subjects, means of 

supplementation, and duration to detect an actual impact on progression of AMD. Many 

have therefore substituted various functional endpoints such as visual acuity, reading speed, 

contrast sensitivity, glare recovery, or multifocal ERG response. In general, these studies 

have shown increases in MP at varying eccentricities with supplementation, but the time 

courses have been surprisingly variable with some studies claiming substantial rises within 

weeks, and others concluding that supplementation may be required for a year or more to 

see a sustained clinically meaningful increase (Berendschot et al., 2000; Bone et al., 2003; 

Huang et al., 2015; Johnson et al., 2000; Landrum et al., 1997; Wenzel et al., 2006). Often, 

20% or more of the subjects may show no response at all even with substantial rises in 

serum carotenoid levels, consistent with saturable MP uptake mechanisms. Detected 

improvements in functional endpoints have been encouraging that carotenoid 

supplementation is beneficial for the AMD population beyond just prevention of progression 

of advanced AMD. A few studies have focused on trying to normalize atypical MP 

distributions with the assumption that this may help lower the risk of future AMD 

progression. These studies have compared various combinations of lutein, 3R, 3′R-

zeaxanthin and 3R, 3′S-meso-zeaxanthin with HFP as the monitoring method. Positive 

results have been reported that preparations containing all three macular carotenoids may be 

particularly effective in normalizing distributions (Connolly et al., 2011; Connolly et al., 

2010; Stringham and Hammond, 2008).

Many retina specialists are interested in making nutritional recommendations to their 

patients at risk for visual loss from AMD, but they generally demand high level evidence 

from randomized, placebo controlled trials before dispensing such advice. The National Eye 

Institute incorporated the current nutritional knowledge of the 1980s when they initiated the 

Age-Related Eye Disease Study in 1989 consisting of 80 mg zinc oxide (along 2 mg copper 

oxide to combat potential zinc-induced anemia), 500 mg vitamin C, 400 IU of vitamin E, 

and 15 mg (25,000 IU) of β-carotene (Age-Related Eye Disease Study Research, 2001). The 

study followed more than 4000 high risk AMD patients at 11 centers with large soft drusen 

and/or advanced AMD in one eye with progression to advanced AMD (choroidal 
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neovascularization or geographic atrophy) or visually significant cataracts as the primary 

study outcomes at the end of five years. The four major treatments were: (1) zinc; (2) 

antioxidant vitamins (vitamin, vitamin E, and β-carotene); (3) zinc + antioxidant vitamins; or 

(4) placebo. All three active treatment arms showed positive results, with the combined 

intervention group achieving a 25% reduction of progression to advanced AMD relative to 

placebo. After publication of these results in 2001, the AREDS formulation rapidly became 

standard-of-care, but the AREDS investigators appreciated that nutritional knowledge of 

AMD had advanced considerably and should be tested in a next-generation AREDS2 

supplementation trial. With regard to the original AREDS formulation's carotenoid content, 

there was substantial concern about β-carotene's safety and efficacy. First, while AREDS 

was in progress, two large randomized clinical trials of high-dose β-carotene 

supplementation noted an unexpected increase in lung cancer risk in smokers, raising 

substantial concerns for AREDS supplement use in nearly half of the population at high risk 

for advanced AMD (Albanes et al., 1996; The Alpha-Tocopherol Beta Carotene Cancer 

Prevention Study Group, 1994). Second, it was now appreciated that lutein and zeaxanthin 

might be the more physiologically relevant carotenoids for AMD supplementation because 

of the EDCC epidemiology results and the basic science knowledge that β-carotene is not 

detectable in the human retina and that lutein, zeaxanthin and meso-zeaxanthin form the MP. 

Third, commercial sources of lutein and zeaxanthin suitable for clinical trials were now 

available.

The AREDS2 study was designed to test whether the original AREDS supplement 

formulation could be made safer and more effective. The organizers reviewed the most 

recent nutritional knowledge for AMD and concluded that inclusion of lutein + zeaxanthin 

along with omega-3 fatty acids should be examined. It was decided to mimic a typical 

dietary ratio of 5:1 for lutein:zeaxanthin, and the 10 mg lutein + 2 mg zeaxanthin dose for 

the carotenoid arm was chosen based on a small-scale, dose-ranging study that showed 

robust serum response to this dose and evidence that higher doses were approaching the 

saturation region of the dose-response curve (Rosenthal et al., 2006). This lutein/zeaxanthin 

daily dose was considerably higher than a typical American diet which is usually in the 1-2 

mg range for lutein and 0.2 mg for zeaxanthin, but it was still considered safe because many 

vegetarians routinely consume these levels without problems. No MPOD measurements 

were included in the AREDS2 protocol because the image-based instrumentation was not 

sufficiently standardized at that time, and the psychophysical methods were thought to 

require too much time and training to be of use during the very busy study visits. Only the 

Utah site had an ancillary study to measure MP with dual-wavelength autofluorescence 

imaging. A baseline study from Utah showed that this site's subjects had unexpectedly high 

peak MPOD at entry into the study even after the 30 day supplement-free washout period, 

consistent with the observation that 70% of Utah subjects had been taking lutein and 

zeaxanthin regularly for many years prior to enrollment (Bernstein et al., 2012). Follow up 

MPOD measurements on these subjects at their scheduled visits every six months during the 

study proved inconclusive due to the relatively small number of subjects in this ancillary 

study and the challenges of reproducibly imaging MP in patients with significant macular 

pathology.
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The primary randomization in AREDS2 was between four groups: (1) lutein + zeaxanthin 

(10 mg and 2 mg, respectively); (2) fish oil containing DHA +EPA (350 mg and 650 mg, 

respectively); (3) lutein + zeaxanthin + DHA + EPA; and (4) placebo (Age-Related Eye 

Disease Study 2 Research, 2013). All enrolled subjects who were nonsmokers were offered 

secondary randomization between the original AREDS formula or to a modified AREDS 

formula containing no β-carotene and/or lower levels of zinc. All smokers were offered the 

no β-carotene version of the AREDS supplement. Subject retention and compliance were 

excellent, especially for a five-year study with over 4000 subjects. The study did not reach 

its primary endpoint of a 25% incremental improvement upon the original AREDS results 

when each of the three treatment groups were compared individually with the placebo 

group, but pre-planned secondary analyses did provide important results that have guided 

subsequent clinical practice (Age-Related Eye Disease Study 2 Research et al., 2014). 

Evaluation of the main effects of lutein + zeaxanthin in which the entire study cohort that 

received lutein + zeaxanthin was compared to the cohort that did not receive lutein + 

zeaxanthin demonstrated statistically significant reduction of progression to advanced AMD, 

but similar pre-planned analysis for DHA + EPA did not. The results were even more 

impressive when the subgroup receiving lutein + zeaxanthin with no β-carotene was 

compared to the subgroup that received β-carotene alone. This was thought to be due in part 

to competitive absorption between β-carotene and the macular xanthophylls which was 

confirmed when serum levels of carotenoids were analyzed. Lutein + zeaxanthin also 

appeared to be safer than β-carotene because no increase in lung cancer incidence was noted 

among subjects assigned to the lutein + zeaxanthin arms, while β-carotene was associated 

with a statistically significant rise in lung cancer incidence in former smokers. Based on the 

totality of evidence, the AREDS2 investigators concluded that substitution with 10 mg of 

lutein and 2 mg of zeaxanthin for 15 mg of β-carotene is an appropriate modification of the 

original AREDS formulation for smokers, former smokers, and non-smokers, and these 

recommendations have been rapidly incorporated into the consumer marketplace and 

clinical practice.

Although it is unlikely that there is enough funding and interest to perform a third-

generation AREDS3 study, there are a number of interesting questions that can still be 

addressed with regard to the role of carotenoids in the prevention of AMD. Most of the 

AREDS2 subjects have been genotyped, so it will be important to assess the impact of 

various genetic variants on response to the lutein + zeaxanthin intervention. Both AREDS 

studies were designed to measure the impact of carotenoid supplementation in patients who 

already had intermediate or unilateral advanced AMD; it is not clear whether lutein + 

zeaxanthin supplementation would be efficacious in the “worried well” population even if 

they happen to carry high risk genes for AMD. Supplement formulations containing meso-

zeaxanthin have recently become available in the American and European markets, but 

randomized, controlled studies to demonstrate their superiority to traditional lutein + 

zeaxanthin supplements for the prevention of AMD remain to be done.

The AREDS studies also considered whether or not carotenoids might be able to slow down 

cataract progression and age-related cognitive decline. This was based in part on their 

antioxidant properties and the observation that the human lens and brain are other tissues 
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that accumulate lutein and zeaxanthin selectively (Khachik et al., 2002; Vishwanathan et al., 

2015; Yeum et al., 1999; Yeum et al., 1995), although in much lower concentrations than 

the human macula. Several epidemiological studies have also associated diets rich in 

carotenoids with decreased risk of cataracts and cognitive decline (Gale et al., 2001; Jacques 

and Chylack, 1991; Johnson, 2012; Moeller et al., 2008). Small interventional studies have 

had mixed results, and the AREDS2 study failed to prove a protective effect for β-carotene 

or for lutein + zeaxanthin with respective to cataracts or cognitive function (Age-Related 

Eye Disease Study 2 Research et al., 2013; Chew et al., 2015).

3.4. Carotenoid interventions against other eye diseases

Various carotenoid interventions against retinitis pigmentosa (RP) and related inherited 

retinal and macular degenerations have been studied for many years. β-Carotene has been 

considered a promising intervention in light of the prominent role of vitamin A metabolism 

in normal retinal function and the fact that some forms of RP are caused by genetic defects 

in retinoid function and processing (Bowne et al., 2011; den Hollander et al., 2009; Rando et 

al., 1991). Moreover, supplementation with vitamin A palmitate has been shown to modestly 

slow the progression of RP in a large, randomized clinical trial (Berson et al., 1993), but 

concerns about vitamin A teratogenicity and liver toxicity at the recommended 15,000 IU 

dose have further dampened enthusiasm for this intervention. Supplementation with β-

carotene would certainly be safer because cleavage to retinoids is a regulated process that 

functions to prevent vitamin A toxicity even when large amounts of this carotenoid are 

consumed, but this beneficial process will buffer any increase in retinal vitamin in response 

to β-carotene supplementation, and, so far, no β-carotene supplementation studies have 

reported an effect except for one study that used the 9-cis isomer of β-carotene whose 9-cis-

retinoid cleavage product could potentially bypass retinoid isomerization defects in ocular 

tissues (Meshi et al., 2015). Cone function in the macula is preserved until very late in the 

course of RP and related diseases such as choroideremia which has led researchers to 

consider whether or not supplementation with lutein and zeaxanthin could have a beneficial 

effect. Measurement of MP in RP and choroideremia patients has generally shown that their 

levels are comparable to unsupplemented control individuals which argues against a 

potential role for lutein and zeaxanthin supplementation in these individuals (Aleman et al., 

2001; Zhao et al., 2003), and the only large scale randomized trial of lutein in RP patients 

yielded just subtle positive results for peripheral visual fields when secondary analyses were 

performed (Berson et al., 2010). When MP has been measured in macular dystrophies, the 

levels have been lower than normal controls, but the inherent loss of photoreceptors in these 

diseases complicates interpretation as to whether photoreceptor loss is exacerbated by low 

levels of macular carotenoids or whether the loss of macular carotenoids is simply a 

consequence of loss of the rod and cone cells (Zhao et al., 2003). There are no published 

studies showing a beneficial effect of lutein or zeaxanthin in Stargardt disease or other 

macular dystrophies, and β-carotene is contraindicated in patients with ABCA4 mutations 

because retinoid supplementation exacerbates the course of the disease in animal models 

with ABCA4 defects, and it is assumed that the same problem will likely occur in humans 

(Charbel Issa et al., 2013a).
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A handful of ocular conditions are clearly associated with deficiency of MP or strikingly 

abnormal distributions. Patients with ocular albinism not only have abnormal low melanin 

levels, but they also have no detectable MP (Abadi and Cox, 1992). The pathophysiological 

mechanism for the absence of MP in albinos remains unclear because there are no obvious 

connections between melanin synthesis and MP accumulation, but the absence of 

development of an anatomical fovea is almost certainly involved. Likewise, patients with 

Sjögren-Larsson syndrome, an inherited defect in the ALDH3A2 gene which encodes a fatty 

aldehyde dehydrogenase enzyme, have no MP (Meyers et al., 2014; Theelen et al., 2014; 

van der Veen et al., 2010), but there is currently no pathophysiological mechanism to 

explain why this occurs. One of the earliest manifestations of macular telangiectasia type II 

(MacTel), an uncommon bilateral maculopathy that features cystic changes of the fovea and 

abnormal perifoveal vasculature, is a temporal wedge-shaped disruption of the MP which 

may eventually progress to a ring-shaped redistribution of the macular carotenoids at a 

radius 1-2 mm from the fovea that was clearly seen with autofluorescence imaging (Figure 

14) (Theelen et al., 2014; Wong et al., 2009). We suggest that abnormal localization of the 

macula's carotenoid-binding proteins may underlie this redistribution, but direct proof of this 

hypothesis is still lacking. Histopathological analysis of MacTel eyes notes a profound loss 

of Müller glial cells in the affected regions, and monkey models of acquired Müller cell 

destruction feature loss of MP (Charbel Issa et al., 2013b; Powner et al., 2010), yet no 

known binding proteins for lutein or zeaxanthin localize to the Müller cell (Li et al., 2011). 

Researchers in Europe tried to re-normalize MP distributions in MacTel using lutein 

supplementation, but they only succeeded in further enhancing the ring without filling in the 

center (Zeimer et al., 2010). We speculated that zeaxanthin, the more centrally located of the 

dietary macular carotenoids might be more efficacious than lutein, but our clinical trial with 

10-20 mg of zeaxanthin likewise led to ring enhancement only, and in one of the eight 

subjects, yellowish hypofluorescent crystalline deposits reversibly appeared in the macula in 

localized patches and rings. These visually asymptomatic crystals are reminiscent of 

canthaxanthin crystalline maculopathy. The genetic defect(s) underlying MacTel remains 

undefined, but it is hoped that when its genetic origins are solved, they will provide new 

insights into carotenoid metabolism in the normal human macula.

3.5. Carotenoid interventions in infancy and childhood

Carotenoids play important roles in macular protection, as has been shown in age-related 

macular degeneration, but the influence of carotenoids on macular development is not well 

documented. The rate-limiting step in determining the role of carotenoids in macular 

development has been quantification of MP in infants due to unique challenges that limit 

imaging modalities. HFP requires subjective participation and is impossible to perform with 

infants and children, and autofluourescence imaging (AFI) is dependent on lipofuscin which 

is not present in infants and children (Bernstein et al., 2010; Bernstein et al., 2013; Howells 

et al., 2011). A recent blue light reflectometry technique developed by Bernstein and 

associates has allowed for imaging of infants with the RetCam (Clarity Medical Systems 

Incorporated, Pleasanton, CA) (Figure 15) (Bernstein et al., 2013). Reflectometry is 

particularly useful in infants due to clearer ocular media when compared to adults. This 

technique has been used to document MP in term infants and young children; however, pre-

term infants have not had detectable MP (Bernstein et al., 2013; Henriksen et al., 2013)
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Placental transfer of carotenoids has yet to be studied in great detail, although preliminary 

data indicate that a critical gestational period may be involved. In adults, carotenoids have 

been shown to be absorbed from the diet and deposited in tissues in detectable amounts in a 

matter of weeks (Johnson et al., 2000), but the transfer of carotenoids from mother to child 

in utero has not been directly studied through clinical supplementation trials. In 2013, 

Henriksen et al. reported significant correlations between maternal and infant skin and 

serum carotenoids within the first 24 to 72 hours after delivery (Henriksen et al., 2013). 

Specifically, maternal total serum carotenoid levels correlate with infant total serum 

carotenoid levels (r = 0.43, P = 0.017). Similar correlations between mothers and infants 

were seen with serum zeaxanthin (r = 0.049, P = 0.006), and serum lutein (r = 0.53, P = 

0.003). This relationship also held true with tissue carotenoid levels with maternal skin 

carotenoids correlating with infant skin carotenoids (r = 0.59, P < 0.001). These findings 

suggest that maternal carotenoid status, influenced by dietary intake, may have a role in 

infant carotenoid levels via placental transfer of these vitamins during the gestational period. 

Additionally, reports indicate that lutein levels are much higher in neural tissues from term 

infants when compared to pre-term infants (Vishwanathan et al., 2014). This suggests that 

most lutein deposition occurs during the last trimester via placental transfer (Henriksen and 

Chan, 2014; Vishwanathan et al., 2014).

The deposition of carotenoids within the eye appears to increase with later gestational 

stages. Cadaver studies have confirmed the presence of carotenoids within retinal tissue as 

early as 20 weeks gestation (Bone et al., 1988), with ratios of lutein: zeaxanthin: meso-

zeaxanthin differing from the composition of serum (Bone et al., 1993). In 2013, we 

reported MPOD measured with RetCam imaging and blue light reflectometry increases 

linearly with age in infants and children (r = 0.36, P = 0.0142) (Bernstein et al., 2013). All 

pre-term infants in this cohort did not have detectable MPOD. In a companion study, MP 

was detected in term infants (gestational age of 37 weeks or older) with MPOD values 

ranging from 0.04 to 0.16 and an average value of 0.087 (SD = 0.032). Furthermore, 

correlations between infant MPOD and infant serum zeaxanthin (r = 0.68, P = 0.007), and 

maternal serum zeaxanthin (r = 0.59, P = 0.03), suggest a role of carotenoid status in MP 

deposition during the final stages of gestation (Henriksen et al., 2013).

Although most clinical studies including carotenoids have focused on the prevention of 

degeneration or oxidative damage, the influence of carotenoids on normal visual function is 

also of great interest. Reports from adult populations indicate that carotenoid 

supplementation may increase normal visual performance (Yao et al., 2013). These suggest 

a role for carotenoids in enhancing visual function and suggest a potential role for 

carotenoid supplementation and MP in normal visual development in infants (Hammond, 

2008). The carotenoids involved in MP may be involved in foveal and visual development 

as in conditions associated with hypoplastic foveal development such as albinism which 

generally lack MP (Abadi and Cox, 1992).

The time-course of foveal development and lutein deposition may provide key insight into 

the role of carotenoids on normal visual development. Histological studies have shown that 

while the site of foveal pit development (caused by lateral displacement of the inner retinal 

layers) can be identified as early as 12 weeks gestation using morphologic and molecular 
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cues, the pit itself does not form until 24-26 weeks gestation (Cornish et al., 2005; Dubis et 

al., 2012; Yuodelis and Hendrickson, 1986). During the final trimester, photoreceptors at the 

foveal center are immature compared to parafoveal photoreceptors. The RPE also continues 

to mature during this time by forming interdigitations with retinal outer segments 

(Hendrickson and Yuodelis, 1984; Yuodelis and Hendrickson, 1986). The foveal pit contour 

continues maturation and reaches maturity roughly at 18 months post-term (Dubis et al., 

2012).

Lutein deposition appears to begin in the early stages of gestation and continues throughout. 

A study of donor eyes from preterm infants identified lutein and zeaxanthin by high 

performance liquid chromatography (HPLC) as early as 20 weeks gestation (Bone et al., 

1988). This roughly corresponds to the time course of foveal pit maturation (Dubis et al., 

2012). However, MP has not been detected using reflectometry until infants have reached 

term (Bernstein et al., 2013; Henriksen et al., 2013). Similar findings have been described in 

brain tissue with pre-term infants having significantly lower carotenoid levels when 

compared to term infants (Vishwanathan et al., 2014). These findings suggest that while 

carotenoid deposition and foveal development may start early in gestation, these processes 

both seem to be of greater significance during the final stages of gestation.

Maternal carotenoid status during the gestational period may impact infant macular 

development, and prenatal supplementation may play a role in maximizing visual 

development. As shown by us, maternal serum zeaxanthin levels correlate with infant 

MPOD in term infants shortly after birth (Henriksen et al., 2013). This suggests a key role 

for maternal nutrition and macular development in utero. Although one prenatal supplement 

on the US market contains lutein and zeaxanthin (Similac, Abbott Nutrition, Columbus, OH, 

USA), the majority of commercially available prenatal supplements do not have any added 

lutein or zeaxanthin. Interventional trials are needed to confirm the role for prenatal 

supplementation prior to widespread use or recommendation.

Similar to the prevention of macular degeneration, the role of carotenoids in the prevention 

of oxidative damage in retinopathy of prematurity (ROP) is also promising. Preliminary 

studies suggest a potential role for carotenoids in decreasing oxidative stress (Perrone et al., 

2010). However, a small cohort study of supplementation with and without carotenoids did 

not yield definitive results (Manzoni et al., 2013). With suggestive evidence of potential 

decreases in oxidative stress thought to be a major factor in the pathophysiological 

mechanism of tissue damage in retinopathy of prematurity (Jewell et al., 2001), further 

studies are needed to identify the supplementation dosing, delivery, and timing regimens 

that may have the most impact on ROP. An examination of current literature would suggest 

that prenatal supplementation starting early in pregnancy would have some impact, due to 

presence of carotenoids in retinal tissue as early as 20 weeks gestation (Bone et al., 1988), 

but supplementation during later stages may have even greater clinical impact on the 

treatment or prevention of ROP (Bernstein et al., 2013; Henriksen et al., 2013; Henriksen 

and Chan, 2014).
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4. Future Directions: Controversies And Frontiers In Ocular Carotenoid 

Science

Since the preliminary identification of the human MP as a xanthophyll carotenoid by Wald 

in the 1940s, there has been astounding progress in our knowledge of the roles of lutein, 

zeaxanthin, and meso-zeaxanthin in promoting ocular health. We now understand their core 

antioxidant chemistry, and we have identified key specific binding proteins and metabolic 

enzymes. AREDS2 has shown that lutein and zeaxanthin are appropriate substitutes for β-

carotene in nutritional supplement formulations that we recommend to patients at significant 

risk for visual loss from AMD, and we should all be proud at the rapidity that these 

important public health recommendations have been adopted by eye care professionals and 

their patients. In the upcoming years and decades, a number of controversies and frontiers 

remain to be addressed.

From a basic science standpoint, we still have much to learn about carotenoid physiology 

and metabolism in humans. The molecular aspects of carotenoid antioxidant effects remain 

to be elucidated, especially when they are bound to proteins or embedded in lipid bilayers. 

There are many persistent gaps in our knowledge of carotenoid transport from the gut to the 

bloodstream and to the eventual target tissues in the eye. We still have a rather rudimentary 

understanding of enzymes that interact with carotenoids such as BCO1 and BCO2, and we 

know next to nothing about how meso-zeaxanthin is made from precursor carotenoids. 

These fundamental biochemical problems must be solved on a molecular level in order to 

better understand why individuals have widely varying peak levels of MP in the fovea and 

diverse responses to identical supplement interventions. These questions are particularly 

challenging to address because the macula lutea is primate-specific, which means that most 

typical small animal mammalian models such as mice and rats are of limited utility because 

they do not naturally accumulate carotenoids in their retinas, and vertebrates that do deliver 

carotenoids to the retina and RPE (e.g. birds, amphibians, reptiles, and fish) utilize markedly 

different biochemical strategies such as esterification to fatty acids in oil droplets. The 

recent development of BCO2 knockout “macular pigment mice” raises hope that improved 

mammalian animal models are at hand, but there will always be limitations of laboratory-

engineered models because they never fully reproduce the human system.

The macula lutea contains lutein, zeaxanthin, and meso-zeaxanthin at a 1:1:1 ratio, yet the 

typical American consumes these carotenoids from the diet in a ratio of 5:1:0. AREDS2 

teaches us that xanthophyll carotenoid supplementation has health benefits, but is the current 

10 mg lutein and 2 mg zeaxanthin dose optimal? Would higher levels of supplementation 

and/or altered ratios of these three carotenoids increase MP more efficiently and promote 

better vision and lessen risk of AMD progression? Now that meso-zeaxanthin is readily 

available from commercial sources, is it beneficial to bypass the postulated ocular enzymatic 

metabolism of lutein to meso-zeaxanthin by supplying it pre-formed in a supplement? Are 

there any long-term consequences to consuming high concentrations of all three macular 

carotenoids, given that a typical diet contains circa 1.5 mg per day of lutein and zeaxanthin, 

and little or no meso-zeaxanthin? In light of our current knowledge that known binding 

proteins cannot discriminate between zeaxanthin and meso-zeaxanthin, should both be 
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administered in equal amounts, or is one preferred over the other? All of these important 

questions demand high quality, sufficiently powered clinical trials; some are in progress, but 

unfortunately, definitive large-scale, randomized, controlled clinical trials on the order of 

AREDS2 are unlikely to be conducted in the foreseeable future. However, it is our view 

that, in the absence of large-scale, clinical trials, we must view and assess the totality of the 

scientific data and weight of evidence as currently available, identifying and acknowledging 

such evidence from respected sources and scientific institutions, to find more suitable 

alternatives to randomized clinical trials to make important public health recommendations 

in a timely manner.

There is ongoing debate as to which methods of non-invasive MP measurement are “best” or 

the “gold standard”. Clearly, this depends on the goals of the researcher or clinician and the 

characteristics of the subjects, and each method has its particular strengths and weaknesses. 

Psychophysical methods are the least expensive to implement and are well suited to large-

scale studies because the equipment can be portable and does not need pupil dilation, but it 

requires rigorous subject training and attention for optimal results, and it provides 

measurements at a limited number of eccentricities. Autofluorescence imaging is currently 

much more expensive to implement and can prove challenging in the face of anterior and 

posterior segment pathology, but it does provide rapid, detailed, and reproducible spatial 

profiles. Resonance Raman spectroscopy and imaging are the most chemically specific 

methods to quantify and image MP, but laser light levels are high, and expensive research-

grade instruments are the only current option. Reflectometry is particularly well suited for 

infants and children because their media are clear and because the other methods cannot be 

used due to lack of cooperation, absence of significant lipofuscin, and concerns about laser 

safety in the infant eye; however, this technique is much more challenging to implement 

quantitatively and reproducibly in the adult eye. We are indeed fortunate to have an 

abundance of MP measurement options, most of which correlate reasonably well. It will be 

interesting to see if and when these techniques can be successfully incorporated into busy 

optometric and ophthalmological practices to provide authoritative guidance and feedback to 

patients and clinicians who want to promote optimum ocular health and function.

While AREDS2 has firmly established a clinical benefit for supplements such as lutein and 

zeaxanthin in AMD patients, other ocular diseases and conditions are truly the next frontier. 

Disorders such as MacTel feature prominent MP abnormalities early in the course of the 

disease, so it is likely that further knowledge how and why this happens will certainly 

provide insights into potential physiological and therapeutic roles in many eye conditions 

beyond just MacTel. There is growing appreciation that the MP is important much earlier in 

life as evidenced by its presence at birth and by intriguing new studies that indicate that the 

macular carotenoids can promote enhanced ocular and cognitive function in normal 

individuals. Further studies in these fields of inquiry should provide evidence-based 

guidance on nutritional supplementation with lutein, zeaxanthin, and meso-zeaxanthin 

throughout a person's lifetime.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ABCA1 ATP-binding cassette sub-family A member 1

ABCA4 ATP-binding cassette sub-family A member 4

A2E N-retinyl- N-retinylidene ethanolamine

AFI Autofluorescence imaging

AMD Age-related macular degeneration

AREDS Age-Related Eye Disease Study

AREDS2 Age-Related Eye Disease Study 2

BCO1 β-carotene oxygenase 1 (also known as β-carotene-15′,15′-monoxygenase)

BCO2 β-carotene oxygenase 2 (also known as β,β-carotene-9′,10′-dioxygenase)

cHFP customized heterochromatic flicker photometry

cSLO confocal scanning laser ophthalmoscope

DHA Docosahexaenoic acid

DMAPP Dimethylallyl pyrophosphate

EDCC Eye Disease Case-Control

EPA Eicosapentaenoic acid

EFSA European Food Safety Authority

GGPP Geranylgeranyl pyrophosphate

GRAS generally recognized as safe

GSH Glutathione

GSTs Glutathione-S-transferases

GSTP1 Glutathione S-transferase P1

GWAS Genome-wide association studies
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HDL High-density lipoproteins

HFP Heterochromatic flicker photometry

HPLC High pressure/performance liquid chromatography

I/R Ischemia/reperfusion

IRBP Interphotoreceptor retinoid-binding protein

ISX Intestine-specific homeobox

IPP Isopentenyl pyrophosphate

LC-MS Liquid chromatography- mass spectrometry

LC–MS/MS Liquid chromatography–tandem mass spectrometry

LDL Low-density lipoprotein

MacTel Macular telangiectasia type II

MP Macular pigment

MPOD Macular pigment optical density

NOAEL No observed-adverse-effect-level

ROS Reactive oxygen species

ROP Retinopathy of prematurity

RP Retinitis pigmentosa

RPE Retinal pigment epithelium

SR-BI Scavenger receptor class B member 1

StARD3 Steroidogenic acute regulatory domain protein 3

VEGF Vascular endothelial growth factor

WHAM Wisconsin hypoalpha mutant
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Figure 1. 
Structure of the human fovea. Upper panel - In this section through the center of the fovea, 

the tightly packed cone cells in the center are evident. The rod cells are present in the 

periphery. The central region is devoid of inner limiting membrane, inner nuclear layer, and 

Henle's fibers. Figure adapted from a light microscopic anatomy of the fovea centralis in the 

eye of a 45-year-old woman (Yamada, 1969). os-outer segment, is- inner segment, om- 

outer limiting membrane, of-outer cone fiber, on-outer nuclear layer, oh-outer Henle's layer, 

in-inner nuclear layer, im-inner limiting membrane, g-ganglion cells, cp-capillary. Lower 

Panel - Representation of the anatomical details of primate fovea. RPE processes are present 

in between the photoreceptors. The RPE layer is separated from the choroid by the thin 

Bruch's membrane. Figure adapted from a schematic diagram by Snodderly to illustrate the 

anatomic and metabolic relation in the fovea of macaque retina (Snodderly, 1995).
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Figure 2. 
Macular pigment levels in different parts of the eye (Bernstein, 2002).
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Figure 3. 
The retinal distribution of macular pigment carotenoids and their binding proteins. (a) 

Vertical section (vitreous side down) through a monkey fovea showing the distribution of 

the yellow macular carotenoids. Image courtesy of Dr. Max Snodderly. (b) GSTP1 labeling 

of foveal cones in the macula of a 3-year-old monkey. This montage shows strongest 

labeling by antibody against GSTP1 (red) over the myoid and ellipsoid regions of cones 

identified by monoclonal antibody (7G6, green). (c) A low-magnification view of a near-

foveal retina section in which N-62 StAR (red) identifies StARD3, an anti-cone arrestin 

monoclonal antibody (7G6, green) identifies monkey cones. The sections in (b) and (c) have 

the same orientation as in (a). Images courtesy of Dr. Jeanne M. Frederick.
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Figure 4. 
Chemical structure of macular pigment carotenoids. (a),(b) Lutein; (c) zeaxanthin; (d) meso-

zeaxanthin.
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Figure 5. 
Protective roles of lutein and zeaxanthin, as an absorber of harmful light and as an 

antioxidant reacting with reactive oxygen species (ROS). *O2, singlet oxygen; LOO-, lipid 

peroxyl radicals ;LOOH, lipid peroxides.
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Figure 6. 
Proposed pathway for formation of oxidative metabolites of lutein and zeaxanthin in human 

ocular tissues.
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Figure 7. 
Industrial synthesis of commercial carotenoids.
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Figure 8. 
Possible pathway for macular pigment carotenoid uptake, transport, and accumulation in the 

human retina.
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Figure 9. 
Absorption Spectrum of macular pigment.
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Figure 10. 
Image of macular pigment measured by Heidelberg Spectralis (Left, excitation wavelength 

at 488 nm; Right, excitation wavelength at 514 nm).
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Figure 11. 
Autofluorescence technique, implemented by the Heidelberg Spectralis® (HRA+OCT 

MultiColor) to produce a full spatial profile image of macular pigment optical density 

(MPOD).
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Figure 12. 
Illustration of chromatic aberration in the normal eye.

Bernstein et al. Page 71

Prog Retin Eye Res. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
Illustration showing the effect of light scatter on vision.
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Figure 14. 
Anomalous macular pigment distributions in MacTel patients. Post-mortem specimen from a 

MacTel patient showing a circular distribution of yellow carotenoid pigment around the 

fovea (upper left); autofluorescence image of another MacTel patient with a hypofluorescent 

ring of macular pigment centered on the fovea (upper right); Heidelberg Spectralis macular 

pigment output from a third MacTel patient demonstrating absence of macular pigment at 

the fovea and a ring of macular pigment at 6 degrees eccentricity (approximately 1.7 mm) 

(bottom images).
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Figure 15. 
RetCam reflectometry images of macular pigment in an infant eye. The left picture shows 

the RetCam device; the upper images present the raw blue light reflectance image, the blue 

channel output from the CCD chip, and the a fast Fourier transform (FFT) digital 

enhancement of the blue channel output; the bottom images show the digitally processed 

macular pigment data as a 3-D surface plot and as a line-scan through the fovea.
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