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Abstract

Current evidence suggests lutein and its isomers play important roles in ocu-
lar development in utero and throughout the life span, in vision performance
in young and later adulthood, and in lowering risk for the development of
common age-related eye diseases in older age. These xanthophyll (oxygen-
containing) carotenoids are found in a wide variety of vegetables and fruits,
and they are present in especially high concentrations in leafy green veg-
etables. Additionally, egg yolks and human milk appear to be bioavailable
sources. The prevalence of lutein, zeaxanthin, and meso-zeaxanthin in sup-
plements is increasing. Setting optimal and safe ranges of intake requires
additional research, particularly in pregnant and lactating women. Accumu-
lating evidence about variable interindividual response to dietary intake of
these carotenoids, based on genetic or metabolic influences, suggests that
there may be subgroups that benefit from higher levels of intake and/or
alternate strategies to improve lutein and zeaxanthin status.

571

Click here to view this article's
online features:

 

• Download figures as PPT slides
• Navigate linked references
• Download citations
• Explore related articles
• Search keywords

ANNUAL 
REVIEWS Further

http://www.annualreviews.org/doi/full/10.1146/annurev-nutr-071715-051110


NU36CH21-Mares ARI 9 June 2016 12:31

Contents

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 572
DISTRIBUTION AND ROLES OF LUTEIN AND ZEAXANTHIN

IN THE EYE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 572
Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 572
Biological Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 575
Measurement of Macular Pigment Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 575
Influences on Accumulation in Retinal Tissues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 576

ACCUMULATION OF LUTEIN AND ISOMERS OVER
THE NEONATAL PERIOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 579

ROLES IN VISUAL HEALTH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580
Visual Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580
Lutein and Zeaxanthin Status in Relation to Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 587

LEVELS IN THE DIET, SERUM, AND SUPPLEMENTS . . . . . . . . . . . . . . . . . . . . . . . 591

INTRODUCTION

Certain xanthophyll (oxygen-containing) carotenoids are highly concentrated in the light-exposed
structures in plants and in the human retina. These carotenoids include lutein (L), its structural
isomer zeaxanthin (Z), and meso-zeaxanthin (meso-Z), a lutein metabolite (19, 30, 31) and zeax-
anthin stereoisomer (31, 129). L and Z are widely distributed in nature and are common in plants.
Animals do not synthesize carotenoids. In primates, dietary L and its isomers are selectively con-
centrated in the visual system (eye and brain) over other carotenoids in the blood, comprising
80% to 90% of carotenoids in human eyes and the majority of carotenoids in the brain (48, 185).
They are the exclusive carotenoids in the neural retina and lens (19).

This article provides an overview of evidence accumulated over the past three decades and a
description of these compounds’ functions and roles in ocular health and vision performance [for
details, see previous reviews (18, 65, 89, 92, 97, 121, 123, 161, 183)]. The focus of the present
review is on incorporating recent advances and current controversies. In particular, this review
discusses newly available information that describes genetic, dietary, and physiological influences
on the variable levels of L and Z accumulation between individuals. In addition, new evidence that
hints at their role in ocular development and protection in the neonatal period is summarized,
and studies that demonstrate specific improvements in vision performance with supplementation
are discussed. Finally, the review describes the levels and sources of L and Z in human diets and
highlights current gaps in knowledge, offering suggestions for future research needed to establish
guidelines for intake.

DISTRIBUTION AND ROLES OF LUTEIN AND ZEAXANTHIN
IN THE EYE

Distribution

Lutein is the most abundant isomer in vision-related tissues (the eye and brain) (83). Nearly all
human ocular structures (Figure 1) except the vitreous, cornea, and sclera contain L, Z, and
metabolites (recently reviewed) (19). The highest concentration of L and Z in the eye is in the
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Figure 1
Image of the human eye.

macula of the retina. Only humans (and nonhuman primates) have a macula with a central fovea,
and concentrations of L and Z in the central fovea are 100-fold higher than elsewhere in the
eye (Figure 2) (170). This cone-rich area confers the highest visual acuity and has the high-
est exposure to light in the retina. The selective distribution within the macula and throughout
the retina and visual cortex of the brain suggest distinct properties and functions of the dif-
ferent isomers. In the macula of the eye, the ratio of Z to L declines and concentrations of Z
(Figure 3) decrease with increasing distance away from the fovea. Concentrations of lutein
metabolite meso-Z decrease with distance from the foveal center (31). The retina is a highly
specialized tissue with ten discernible layers from the anterior to posterior poles (Figures 2 and
4); L and Z exist in varying amounts in specific layers, where they may play different predominant
physiological functions.

L and Z (193) and oxidized metabolites (19) are also the only carotenoids present in the lens of
the eye (19). The most light-exposed and metabolically active lens tissue of the epithelial/cortical
lens layers contains about 75% of the L/Z (193). The center (nuclear) region has lower levels.
Approximately ten percent of the L and Z in the eye is contained in ciliary body, which is the
metabolically active tissue responsible for aqueous humor formation; defects in aqueous humor
flow contribute to the major form of glaucoma. Relationships of L and Z status to cataracts and
glaucoma are discussed in the section titled Lutein and Zeaxanthin Status in Relation to Disease.

Figure 2
Cross-section of a primate retina, in the macula, photographed in either white or blue light, indicating
macular pigment (composed of lutein, zeaxanthin, and meso-zeaxanthin) in retinal layers and its absorption
of blue light from macular pigment. Figure adapted with permission from the American Journal of Clinical
Nutrition and D. Max Snodderly (170).
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Figure 3
The concentration of macular pigment (MP) in human eyes and ratio of lutein (L) to zeaxanthin (Z) in
relation to distance from the center of the fovea within the macula. Figure courtesy of John Landrum and
Richard Bone, as published in Carotenoids and Retinal Disease, CRC Press (98). Adapted with permission.
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Figure 4
Distribution of proteins affecting or affected by macular xanthophylls in primate retina. Full names for genes
are available from http://www.ncbi.nlm.nih.gov/gene. Superscripts on gene symbols refer to reference
numbers of immunolocalization studies containing micrographs in Reference 161. Abbreviations: Am,
amacrine cell; B, bipolar cell; BrM, Bruch’s membrane; C, cone photoreceptors; CC, retinal choroid layer;
DA, displaced amacrine cell; ELM, external limiting membrane; G, ganglion cell; GCL, ganglion cell layer;
H, horizontal cell; ILM, inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer
(interneurons); M, Muller cell; NFL, nerve fiber layer; ONL, outer nuclear layer; OPL, outer plexiform
layer; PRIS, photoreceptor inner segment; PROS, photoreceptor outer segment; R, rod photoreceptor;
RPEa, retinal pigment epithelium apical area; RPEb, retinal pigment epithelium basal area. ∗Retinal layers
with macular xanthophyll concentrations. Schematic created by D. Fisher and adapted with permission from
the American Journal of Clinical Nutrition (161) and John Paul SanGiovanni.
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Biological Functions

Light absorption. Macular carotenoids are estimated to absorb 40% to 90% of incident blue
light (depending on concentration) (95); this absorption protects the retina from light-related
damage (10) and reduces light scatter. The highest density of macular carotenoids in the fovea is
in the outer plexiform layer, a layer of neuronal synapses in the retina that is localized between rod
and cone photoreceptors and their axons and other retinal neurons. This location is thought to be
ideal to protect the outer retina (containing rod and cone photoreceptors) from photo-oxidative
damage (171).

Protection against oxidative stress. L and Z, like all carotenoids, are potent antioxidants (for a
review, see 91) and also reduce oxidative damage indirectly by light absorption (as described above).
In the retinal pigment epithelium (RPE), lens, ciliary body, and iris, the presence of oxidized
metabolites (19) suggests that L and Z protect against oxidative stress. Oxidative metabolism
in the RPE is higher than anywhere else in the body; L and Z are two of many carotenoids
contained in the RPE, and they are the predominant carotenoids in membranes (189). In the rod
and cone photoreceptor outer segment membranes, they are most abundant in the lipid-rich bulk
domain, which also contains the visual pigment rhodopsin, responsible for the first step of visual
transduction (189). In this domain are also high concentrations of long-chain polyunsaturated
lipids that are particularly vulnerable to oxidative damage (151, 189).

Protection against inflammation. Evidence indicates that L also protects against inflammation,
a pathogenic mechanism in many ocular diseases, that can affect many regions of the eye. Possible
mechanisms include preventing the increase in oxidation-induced cytokines and upregulating
the expression of inflammation-related genes (24, 162). L may also indirectly influence ocular
inflammation by reducing systemic inflammation via reducing factor D, a rate-limiting enzyme of
the alternative complement activation pathway (reviewed in 178).

Other functions. Evidence suggests that carotenoids can play a role in cell-to-cell communica-
tion, through intercellular membrane structures known as gap junctions, which can play a role in
homeostasis (108, 167). However, this role has not, to this author’s knowledge, been specifically
investigated in ocular tissues.

The presence of L and Z in membranes and their unique alignment decrease membrane fluidity,
which could influence many membrane functions in photoreceptors and other parts of the neural
retina and brain (discussed in 189). Outside the fovea, macular carotenoids are most dense in the
inner plexiform layer (171), where lateral interneuronal processes transmit light to the nerve fiber
layers (which also contain L and Z). Neurons from the fovea and parafovea transmit impulses
from the axons of cone and rod photoreceptors to the brain, through the optic nerve. L is also
the predominant carotenoid in the visual (occipital) cortex of human and nonhuman primates (48,
184, 185). Interestingly, levels in the visual cortex are highly correlated with levels in the retina
(185). The presence of L and Z throughout the neural retina and brain supports the possibility
that L might play a role in preserving long-chain polyunsaturated-rich neural tissue and ultimately
enhance the transmission of visual impulses to the brain. Relationships between L and Z status
and measurements of critical flicker frequency (thought to reflect visual processing speed) are
supportive of this possibility (discussed in the section titled Visual Performance).

Measurement of Macular Pigment Levels

Several techniques exist to noninvasively assess levels of macular pigment (MP) (composed of L,
Z, and meso-Z) by reliable psychophysical and optical means in adults (for a recent review, see 18).
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Efforts to adapt these methods for 7- to 10-year-old children, to date, have been demonstrated to
be moderately reliable (125). Recently, new methods have been introduced to assess MP in infants
(20, 26). Most of these measures use the unit of “optical density”; one optical density unit obtained
from in vivo assessment of MP levels is equivalent to approximately 0.025 ng MP over a 1 mm2

area of retinal tissue (30), with a few percent variation, based on the nonrandom orientation of
these molecules (R. Bone, personal communication).

Some evidence suggests that macular pigment optical density (MPOD) levels reflect carotenoid
status throughout the eye and brain. Biochemically assessed levels of macular carotenoids are cor-
related with levels in more peripheral retinal areas (29) and in the brain (185). Autopsy specimens
from donors who took L- and/or Z-containing carotenoid supplements had elevated xanthophyll
carotenoid levels not only in the macula but also in the peripheral retina and lens (25). Thus, the
sum of the current evidence suggests that levels in the macula are likely to be markers for levels
in other areas of visual systems, enabling studies with broader ocular outcomes.

Influences on Accumulation in Retinal Tissues

Levels of L and Z in the serum and macula vary between individuals more than tenfold, whether
assessed in autopsy tissues by high-performance liquid chromatography (19, 30, 31, 33) or by
noninvasive assessment of MPOD. A substantial amount of evidence, summarized below, suggests
numerous dietary, metabolic, and genetic influences on L and Z absorption, transport in the blood,
and accumulation in the eye. Consistent with this idea, responses to dietary supplementation with
L and Z are quite variable between individuals. Dietary supplementation with macular carotenoids
for 6 to 24 months has been observed to increase MPOD in 36% (138) to 95% (135) of subjects,
with many studies suggesting estimates between these two extremes (3, 4, 15, 28, 32, 52, 68, 71,
84, 88, 94, 116, 138, 156, 164, 179). The magnitude of individual response within studies is also
quite variable, although the definition of macular “response” varies across studies.

The large interindividual variability in response to supplementation suggests there are many
exogenous and endogenous influences on the uptake, transport, and retinal capture of L and Z.
Several recent reviews detail the many dietary and host phenotypes and genotypes that influence
the absorption of L and Z, their transport in the blood (35, 104, 166), and their uptake and
stabilization in the retina (161). A summary is provided below, together with more recent evidence.
Figure 5 provides an overview of phenotypes and genotypes associated with variation in MPOD
levels in the Carotenoids in Age-Related Eye Disease Study (CAREDS) sample, the largest study
sample in which a broad array of potential phenotype and genotype correlates of MPOD have
been evaluated.

Absorption. Some of the variability in MPOD levels appears to be the result of variable ab-
sorption. A large body of evidence indicates that the serum response to ingested L and/or Z is
highly variable (similar to that of other carotenoids) (reviewed in 35, 60, 166). This variation may
stem from differences in food preparation methods, bioavailability of L and/or Z in foods, genetic
variations that influence the expression of proteins that regulate absorption, and competition with
other nutrients. Grinding or cooking foods (which may release carotenoids from the food matrix)
and consuming L or Z with a fat source increases blood response (38, 197). The context of food
matters. For example, L and Z are more bioavailable in eggs than in spinach (45). Recent evidence
suggests that this higher bioavailability may be the result of carotenoid presence within the lipid
matrix of the egg and/or increased transfer to blood high-density lipoproteins (HDLs) (87, 132,
181, 182). In contrast to other carotenoids, at least half of these more polar carotenoids are carried
on HDLs.
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Figure 5
Phenotypes and genotypes associated with macular pigment optical density in the Carotenoids in Age-
Related Eye Disease Study (120, 126, 128, 129). The evidence suggests that the indicated aspects of diet,
metabolism, and genotype might influence the absorption and transport of lutein and zeaxanthin in the
blood (left and center boxes) and that the indicated genotypes and activities of the proteins these genes encode
(right box) might influence their uptake and/or stabilization in the retina.

The bioavailability may also depend on polymorphisms in genes for proteins that influence
cholesterol uptake into the intestinal lumen (73). Results of human cell studies and L feeding
studies in humans suggest that L is transported (129) into the intestinal mucosal cells on cholesterol
transporter proteins (for a recent review, see 35). In the intestinal lumen, these and other proteins
on the apical side of the enterocyte can modulate the uptake of xanthophylls from micelles (35,
36). Common variants in genes (ABCG5, ABCG8, NPC1L1, SCARB1, and CD36) encoding these
proteins were related to levels of serum L plus Z in the CAREDS sample (130).

Absorption of L and Z also appears to be related to intake and/or status of beta-carotene and
the activity of the enzyme beta-carotene oxygenase 1 (BCO1), which catalyzes the cleavage of
beta-carotene to yield retinoids. Within the intestinal cell, BCO1 and retinoid cleavage prod-
ucts were demonstrated to be part of a regulatory network that controls the absorption of L and
Z, other carotenoids, and fat-soluble vitamins (188). A series of experiments in mouse knock-
out models (188) provided evidence of a negative feedback regulation of xanthophyll absorption
catalyzed by BCO1 and indicated that both retinoids and homeobox transcription factor ISX sup-
press the expression of BCO1 in the presence of beta-carotene. Further evidence indicated that
ISX signaling also targets the apical membrane protein SR-B1 receptor, reducing xanthophyll
absorption. These results are consistent with the observation that ISX polymorphisms are among
the genotypes selected in a model that best explains L absorption into chylomicrons in humans
(36). These findings provide a mechanistic explanation for other recent evidence indicating that
polymorphisms for the BCO1 gene are a predictor of L absorption (36) and of levels of L in MP
(126) and serum (130, 194).

Jointly, these data would predict that beta-carotene availability in the diet, together with active
cleavage by BCO1, reduces the absorption of L and Z. Consistent with this prediction, BCO1
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polymorphisms associated with higher BCO1 activity are associated with higher levels of beta-
carotene and lower levels of L and Z in serum (54). Interestingly, this might also explain a result
of the recent second Age-Related Eye Disease Study (AREDS2) (1, 41). In this randomized trial,
adding L and Z to a high-dose antioxidant that contained beta-carotene did not lower age-related
macular degeneration (AMD) progression to late AMD, except among individuals who received
a formulation lacking beta-carotene. In addition, after five years, serum levels of L and Z were
higher in participants taking supplements containing L and Z without, compared to supplements
with, beta-carotene, suggesting that absorption of L and Z was higher when beta-carotene was
omitted.

Transport and tissue distribution. Carotenoid efflux from the enterocytes occurs via their
secretion in chylomicrons and transport to the liver, where they are repackaged into lipoproteins
and distributed throughout the body. Evidence implicates the involvement of several transport
proteins that are related to chylomicron assembly and lipoprotein clearance in the efflux of L
from the intestine and transport in the blood (for recent reviews, see 36, 104). Common variants
in the ABCA1, ApoB, and LPL genes, which express different carrier proteins, were related to
postprandial L response in chylomicrons (36). Variants in ABCA1 were also related to levels of
serum L and Z in CAREDS (130) and to the response to L and Z supplements in a separate study
(194).

Adipose tissue is a storage tissue for carotenoids. Current evidence suggests that the metabolic
status of individuals might influence the distribution of carotenoids between adipose tissue and the
eye. A large body of evidence indicates that obesity and diabetes are associated with lower levels
of serum carotenoids and lower MPOD. Moreover, we recently observed a strong linear and
inverse relationship between MPOD and metabolic syndrome risk scores composed of these and
other phenotypes (e.g., serum triglycerides >3 mmol/L, use of cholesterol-lowering medications,
history of hypertension) and of genotypes related to low HDL levels. Women with scores ≥5 had
more than two-fold higher MPOD than women with scores of 0, even after limiting the sample
to women with above-average L and Z intake (128).

At least three possible explanations exist for lower levels of L and Z in serum and MPOD in
individuals with metabolic syndrome phenotypes. First, a large body of evidence indicates that
metabolic syndrome phenotypes are associated with higher oxidative stress and inflammation,
which could increase the turnover of carotenoids. Second, larger body fat compartments may shift
the distribution of carotenoids away from the blood and retina and into adipose tissue. Third,
interesting recent evidence suggests that carotenoid status and/or carotenoid cleavage enzymes
directly influence adiposity (5, 74, 112).

Uptake, transport, and stability in the retina. An individual’s MPOD level and spatial distri-
bution have been observed to be relatively stable over at least a decade in one study (70) and are
also stable despite short-term fluctuations in intake in other studies (96, 136). This is expected be-
cause an individual’s retinal microstructure and lipid environment, and the activity of proteins that
facilitate uptake into the retina and transport or stabilization within the retina, are all suspected of
influencing the levels and spatial distribution of MP. Diminished levels or abnormal distributions
of MP have been associated with the presence of a variety of retinal diseases, such as macular
telangiectasia, albinism, and Sjörgen-Larsson syndrome (for a recent review, see 18). The relative
stability of MP levels, selective accumulation of xanthophyll carotenoids in the retina, and specific
localization of L and Z isomers within the primate retina all suggest the presence of transport
and binding proteins with affinity for these carotenoids, which populate and stabilize them in spe-
cific retinal layers. Figure 4 describes the large number of retinal proteins that previous evidence
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suggests may be related to the distribution of L and Z isomers in the primate retina (161). Common
genetic variants in genes for most of these proteins (except APOA1, LPL, and TUB polymorphisms,
which were not studied) were observed to be related to levels of MPOD in CAREDS (Figure 5)
(126). An exception is the gene for a carotenoid cleavage enzyme, beta-carotene 9,10-dioxygenase
(BCO2).

The recent results of Li and colleagues’ studies (102), but not those of Babino et al. (7), suggested
that inactivity of BCO2 plays a role in the selective accumulation of lutein and zeaxanthin in the
primate retina. This evidence, and other evidence from Babino et al. (for a recent review, see 143)
suggests, instead, that BCO2 activity is localized to the inner mitochondrial membrane, where
it plays a role in protecting against oxidative stress. Data from CAREDS support this second
interpretation. Polymorphisms in BCO2 were unrelated to MPOD (126) but related to higher
odds of AMD, which is known to be promoted by oxidative stress (130).

It has been argued that the selective localization of L, Z, and meso-Z in the retina might also be
the result of their uniquely polar nature and shape (relative to other carotenoids), influencing their
alignment into specific membrane domains that are rich in long-chain polyunsaturated fatty acids
(189). Consistent with this idea, polymorphisms in genes for proteins involved in the metabolism
and synthesis of long-chain fatty acids have been related to MPOD levels (Figure 5) (126). The
unique chemical properties of macular carotenoids could influence their affinity for and interaction
with membrane proteins. Genotypes for many proteins related to MPOD levels (126) are for
proteins that traffic cholesterol and other lipids within the retina (and possibly elsewhere in the
eye).

ACCUMULATION OF LUTEIN AND ISOMERS OVER
THE NEONATAL PERIOD

Considerably less is known about the levels of L in the eye in neonatal development and infancy.
Two recent reviews have suggested that exposure to L and Z in fetal life and infancy might be
important for early-life visual development and may have a lifelong influence on vision (64, 83).
Also, a role for L and Z in ocular development in utero is suggested by the fact that L and Z
appear transiently in the fetal vitreous in the second and third trimesters (79), which is consistent
with the appearance of L and oxidized metabolites in arterial cord blood at levels that peak in
the beginning of the third trimester and then decline later in gestation (146). L and Z have been
found in human retinas as early as 20 weeks of gestation (30). At birth, all parts of the eye have
been formed except the macula; differentiation of this region continues until age four (148), but
the timing for the majority of L and Z accumulation is related to the maturation of the fovea of the
retina, which permits the ability to see fine detail (20). During this time, there is also maturation
of the RPE and its relation to photoreceptors (196).

L and Z levels in the macula appear to increase with age, particularly in the first year of life
(30). Also, the proportion of L and Z isomers change over the first few years of life; the evidence
for this in human and nonhuman primates has been described (97). Briefly, L is the dominant
carotenoid through about age two (30). After that age the ratio changes, and Z becomes the
dominant carotenoid in the fovea, as it is in adults. Meso-Z concentrations in macaques are below
the limits of detection at birth and presumably are also absent in human retinas; concentrations
increase in proportion to age in young humans (31) and macaques (97).

Significant direct relationships between L and Z concentrations in the macula and age from
birth to seven years have been observed (20, 30). Premature human infants and monkeys born
to mothers raised on L- and Z-free diets do not have MP (20, 134). Accumulation of macular
L and Z is likely to depend on maternal L and Z status, and this hypothesis has been supported
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by evidence from a small sample that indicated direct relationships between maternal serum Z
and infant MPOD levels (72). More studies are needed to confirm this finding. Recent evidence
indicates that MPOD is higher in older women with early-life exposure to L and Z in breast
milk, which contains higher concentrations than formulas made from cow’s milk (111). (Cow’s
milk was the predominant source of formula for infants not breast fed in the 1920s to 1940s.)
These early data suggest that levels later in life may be influenced by L and Z exposure in the first
years.

Breast milk appears to selectively concentrate these carotenoids, particularly in early lactation.
L and Z are proportionally more prevalent in breast milk than in maternal serum (105, 107).
The molar ratio of carotenoids in human milk to maternal plasma was observed to be highest
for L relative to other carotenoids (107). Currently, carotenoids are not routinely added to infant
formulas, and they were not added to any formulas prior to about 2012.

L and Z were the most abundant carotenoids in samples of human milk in one multinational
study (107), but not in five of nine countries in other multinational studies to date (39). Breast-milk
carotenoids are related to maternal serum carotenoids (107), which are influenced not only by diet
but also likely by conditions known to influence serum carotenoid levels, such as obesity, smoking,
and alcohol use and markers of inflammation (63). L in breast milk appears to be approximately
fourfold more bioavailable than L in infant formulas to date (22, 106). Given the presence and
accumulation of L and Z in the eye in gestation and infancy, and the potential for influence on
lifelong vision, additional research is critically needed to establish requirements for L and Z intake
in infancy. Such requirements would help to determine guidelines for the intake of L and Z by
pregnant and nursing mothers and infants who are not breast fed.

ROLES IN VISUAL HEALTH

Visual Performance

For more than a century, it has been speculated that MP plays a role in enhancing visual perfor-
mance; in the past two decades, observational studies have, indeed, suggested that MP influences
performance on visual tasks (for a recent review and critical discussion, see 65, 173). New obser-
vational, experimental, and clinical evidence (summarized below and in Table 1) suggests that L,
Z, and/or meso-Z could improve performance on tasks involving several different aspects of the
visual system, from the eye to the brain, in both young, healthy people and people with ocular
diseases.

Visual acuity. Visual acuity reflects the ability to resolve objects that are in high contrast to
their background, as measured by the ability to distinguish smaller and smaller letters at a given
distance. Results of some but not all intervention studies (1, 11, 115, 133, 135, 187, 192) indicate
improvements in visual acuity when L and/or Z are supplemented alone (77, 113, 139) or, more
often, in conjunction with other antioxidants and/or omega-3 fatty acids (1, 12, 43, 49, 147, 155).
Three of seven randomized trials in >50 individuals with early or advanced AMD (116, 156)
or with diabetic retinopathy (77) indicate improvements in visual acuity. A recent meta-analysis
of L and/or Z supplementation (six months to three years) in individuals with AMD indicates a
significant protective effect (109) and a direct relationship between improvement in visual acuity
and the change in MPOD level achieved. To date, the magnitude of effect in these short trials is
modest.

In AREDS2 (1), adding L and Z to high-dose antioxidants did not significantly lower the loss
of visual acuity by 15 letters or more over five years in people who already had intermediate or
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advanced AMD. Observing an impact of this magnitude might require longer periods of time and
be limited to people who have a higher MPOD response and/or who receive a higher dose of
supplements. In a study of middle-aged individuals, supplementation for six months with 20 mg
L and/or Z resulted in significant improvement in visual acuity (113). This level (20 mg) is ap-
proximately five times the levels that are expected to be achieved if an individual follows dietary
guidelines for fruit and vegetable intakes. Better L and Z status over a long period might also lead
to better visual acuity in middle age and old age as a result of a lower risk for the common causes
of visual impairment (see Lutein and Zeaxanthin Status in Relation to Disease section). Results of
ongoing prospective studies are expected to provide an estimate of the magnitude of improvement
of visual acuity that results from these combined effects.

Regardless of whether MP improves the most common measure of acuity in indoor tests, it
could help us see farther. It is estimated that a person with 1.0 density unit of MP can see 26%
farther through the atmosphere than someone with little or no MP (190). This improvement in
vision, which might have conferred an advantage for previous humans in hunting, gathering, and
remaining safe from predators, would, in today’s world, be of greatest benefit to people for whom
long-range acuity is important, such as pilots and sailors.

Contrast sensitivity. Impairments in contrast sensitivity occur before visual acuity is affected by
aging or disease (for a recent review, see 140). Contrast sensitivity is the ability to detect contrasts
in levels of lightness or darkness of an object, or of colors, relative to the objects background.
Detecting contrasts can be especially difficult in dim lighting, as occurs at dawn and twilight.
An example would be the ability to distinguish the edges of stairs; in this case, better contrast
sensitivity could reduce the likelihood of falls and improve confidence in walking down steps.
Contrast sensitivity is well correlated with various aspects of visual ability, such as orientation
and mobility, reading speed, and driving (157), and with the satisfaction of individuals with their
visual function and how their visual ability affects their quality of life (53). Supplements containing
L and Z at various amounts and taken for three months to three years have improved contrast
sensitivity in most previous studies, including in young, healthy subjects (37, 67, 94, 113, 115),
in people with early (78, 116, 156) and/or advanced (12) AMD, and in individuals with diabetes
(43, 77). Four of five randomized, placebo-controlled trials of solely L and/or Z isomers in >50
subjects observed improvements in spatial contrast sensitivity (77, 78, 116, 192); results of one
other trial did not (135). The long-term influences of L and Z status on contrast sensitivity in
later life would include not only these short-term effects but also protection against age- and
disease-related changes. Long-term relationships between L and Z status and contrast sensitivity
have not yet been described.

Photostress recovery and glare reduction. A considerable body of observational evidence
suggests that higher levels of MP reduce the impact of bright lights by shortening the time needed
to recover from bright lights (photostress recovery) and by enhancing the ability to see in conditions
of glare (lower glare disability) (66, 174, 175), as might occur from oncoming headlights while
driving at night. High MP levels may also enhance visual performance in moderate and bright
lights by increasing the range over which vision-related tasks can be comfortably performed (173).
For example, it has been estimated that increasing MPOD at a 1◦ diameter around the center of the
fovea by 0.3 density units would roughly double the intensity of white light necessary to produce
visual discomfort. One (116) in four randomized trials in more than 50 people indicated a benefit
of L and/or Z supplements on glare disability; one (78) of three trials found beneficial effects on
photostress recovery (see Table 1).

www.annualreviews.org • Lutein and Eye Health 585



NU36CH21-Mares ARI 9 June 2016 12:31

Visual processing speed. MP density levels appear to be a marker for L and Z status throughout
the visual system. Better health of neurons in the eye and brain might speed transmission of visual
impulses from the photoreceptors to the visual cortex in the brain and/or increase lateral neural
connections on this path, improving the speed of resolving changes in visual stimuli (67, 69, 153,
201). Improved speed could be important in performing vision-related tasks safely as we age;
however, improvements in visual processing speed might also be relevant at other ages. Improved
critical flicker-frequency thresholds, visual motor reaction time, and visual processing speed have
been observed in adults 18 to 32 years of age who received Z supplements, alone or with L and
omega-3 fatty acids, for only four months (37). Increases in about 0.09 MPOD units through
supplementation were estimated to significantly improve visual processing speed in these young,
healthy adults. These findings, if replicated, suggest that high MP levels might improve vision
function for people of all ages in tasks requiring quick responses, such as tasks in computer-related
work.

Dark adaptation. It has been hypothesized (144) that MP could protect against impairments in
rod-mediated dark adaptation, such as is required to regain visual sensitivity when moving from
bright to dim lights. Impairments were recently observed in more than 20% of people ≥60 years
of age without clinical signs of retinal disease (142). Impairment in dark adaptation rate is thought
to be related to the accumulation of hydrophobic lipids in the RPE, which creates a diffusion
barrier that slows the delivery of nutrients, such as vitamin A, to rods. In visual transduction, the
delivery of vitamin A metabolite 11-cis-retinal is needed to combine with the protein opsin to form
the visual pigment rhodopsin. Impaired delivery would slow the rate of rhodopsin regeneration
and require longer time for dark adaptation. Longer time for dark adaptation in persons with low
MPOD has been observed in two small observational studies (144, 173).

Future directions and challenges. The current body of observational evidence suggests that
higher levels of MP, a marker for L and Z throughout the visual system, are associated with
optical and physiological effects that improve several aspects of vision. In some cases, the degree
to which tissue concentrations of MP are specifically responsible for these effects is not clear.
Although MP is entirely composed of dietary xanthophylls and metabolites, higher MPOD levels
are related to having healthy diets and phenotypes in general (122), which might also contribute
to retinal integrity. Consistent with this idea, higher scores on the Healthy Eating Index–2005
were associated with higher MPOD, even after adjusting for L and Z intake (124).

Results of several short-term supplementation studies with one or more xanthophyll
carotenoids suggest specific benefits of L and Z; greater increases in MPOD levels have been
related to greater improvements in visual acuity and contrast sensitivity (see Table 1). The in-
terpretation of these currently available data is complicated by the small sample sizes, especially
given the variability among people in the ability to enhance MP with increasing L and Z intake
over short periods of time. Additional data from well-powered intervention studies are needed to
determine the levels and formulations that are required for optimal benefit in the short term and
whether these are modified by phenotypes and genotypes that influence their accumulation in the
eye and brain.

Long-term influences of better L and Z status, which include both direct optical effects and a
reduction in risk for aging and age-related diseases, can be better captured in long-term prospective
observational studies. Several are under way; eventual pooling of data from available cohorts will
further enable well-powered investigations of the degree to which phenotypes and genotypes
modify L and Z levels needed in diet or supplements for optimal benefit over a wide range of
intake levels.
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Lutein and Zeaxanthin Status in Relation to Disease

Age-related macular degeneration. Strong evidence indicates that L and Z protect against the
development of AMD, the leading cause of blindness in persons over 40 years of age in the United
States (47, 55). AMD is a progressive condition of vision loss that develops as a result of a complex
interplay of multiple dietary, environmental, and genetic factors that influence oxidative stress,
inflammation, and light damage (76). In early and intermediate stages, rod function declines, which
reduces the ability to see contrasts in dim light and adapt to moving from well-lit to poorly lit areas
(for a recent discussion, see 141). Advanced AMD is associated with the loss of sharp acuity or
vision in the center of the visual field (such as that needed to view a person’s face straight on). It is
also associated with loss of the ability to perceive fine detail, making it difficult for individuals with
advanced AMD to read newspapers and pill bottles. For individuals with neovascular/exudative
(“wet”) AMD, new blood vessels grow and bleed and fluid accumulates, which can cause further
limits in vision. At this time, treatment options for AMD are limited, not without risk (168), and
costly (169).

The strong biological plausibility for a protective influence of L and Z on AMD development
and progression has been recently reviewed (18, 183). In the fovea, MP is particularly concen-
trated in the photoreceptor axon layer (27, 171, 172), where it can absorb 40% to 90% of short-
wavelength light (95) that could otherwise damage the retina (10, 24). Throughout the retina,
L and Z might also protect against AMD by their demonstrated ability to lower oxidative stress
(91, 103, 162) and inflammation (25, 80, 162). In addition to retinal effects, supplementation with
L has been demonstrated to lower circulating levels of a rate-limiting enzyme of the alternative
complement activation pathway that may play an important role in inflammatory response and
the development of AMD (16, 178).

A large body of epidemiological evidence supports a protective influence of higher L and Z in
the diet or blood on risk for advanced AMD (for a recent review, see 121; for newly published
results, see 191). However, associations between L and Z in serum or diet and earlier stages of
AMD are more challenging to study and are sometimes, but not always, observed. One reason for
a failure to find consistent protective associations of L and Z intake to AMD could be variability in
the proportions of people who readily accumulate MP in response to supplementation (discussed in
section titled Influences on Accumulation in Retinal Tissues). Measuring MP levels directly, rather
than relying on intake levels as the predictor, reduces the opportunity for masking associations
between L and Z status and AMD. Previous evidence from cross-sectional studies supports the
possibility that higher MPOD is related to lower risk for AMD (13, 21, 34), but only in younger
subjects with stable diets in the CAREDS cohort (99) and not in some other samples (17, 51,
82, 137). In the only prospective study of the relation of MPOD to risk of AMD in 450 persons,
a protective trend was observed (86). Larger prospective studies are needed to better assess the
temporal relationship between MPOD and AMD. These are under way in several large study
samples.

A second line of evidence in support of a protective role of L and Z status on early AMD risk
includes evidence that many of the conditions that are associated with low MPOD are also risk
factors for AMD (89). These include not only low levels of L and Z in the diet and serum, but also
smoking, indicators of metabolic syndrome (i.e., obesity, diabetes, and hypertension), and more
recently, common variants in genes related to MPOD and/or serum L and Z (126) that predicted
the odds for having early/intermediate AMD (130). Of these, the genetic evidence is particularly
supportive of a protective association, having the advantage of being unconfounded by lifestyle
factors and reflective of carotenoid status over a person’s lifetime rather than only a few years or
decades. A protective role of L and Z may be limited to, or more pronounced, in people with
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high genetic risk for AMD. This is suggested by results of significant interactions between L and
Z intake and genotype in AMD risk in previous prospective cohort studies [the Rotterdam Study
(75) and a pooled analysis of the Rotterdam and Blue Mountain Eye studies (186)]. A similar
trend for reduction in genetic risk for AMD among individuals with high L and Z intake was
observed in the CAREDS cohort (127). The lowest rates of AMD have been reported in persons
consuming 5 to 6 mg/day (118, 131, 165, 191). However, diets high in L and Z are also high in
other carotenoids, which may contribute to risk lowering (191). The levels needed to lower AMD
risk may be higher in people who have phenotypes and genotypes associated with low absorption,
low HDL cholesterol levels, and/or low uptake or retention in the retina.

A small number of studies have evaluated the impact of supplementation with L and/or Z on the
progression of AMD over three to five years. L and Z supplements alone did not influence AMD
progression over three years (2), but L and Z supplements in combination with other antioxidant
supplements did (12). Results of primary analyses in the AREDS2 (1) trial suggested that including
10 mg L and 2 mg Z in high-dose antioxidant supplements did not lower progression to advanced
AMD, but secondary analyses (41) indicated a modestly lower five-year risk of progression in
participants who began the study with low levels of these (and likely other) carotenoids in their
diets or when the antioxidant supplements did not contain beta-carotene. Risk lowering was
greater when restricting analyses to persons with earlier stages of the disease (eyes with bilateral
large drusen at baseline), but risk lowering was not observed in relation to the five-year loss of
photoreceptors and RPE (geographic atrophy) (41).

In summary, L and Z intakes of 5 to 6 mg/day are associated with lowering the risk of developing
AMD, and supplemental intakes at 12 mg/day (in the absence of beta-carotene but in the presence
of other antioxidants) slowed AMD progression in people who already had intermediate AMD.
However, it is not clear whether intakes above these levels would have additional benefit and are
without other adverse consequences over decades. It is also not known whether beneficial and
safe levels might differ in certain segments of the population. The benefit of other carotenoids
in slowing AMD, and the impact of all carotenoids on preventing early stages of AMD, is also
unclear. Thus, a prudent approach until further data are available may be a public health strategy
aimed at increasing the consumption of lutein-rich vegetables and fruits, moderately increasing
egg consumption in people without AMD, and promoting the daily use of antioxidant supplements
containing 12 mg L and Z in people with intermediate AMD.

Cataract. Cataract, the leading cause of blindness worldwide (154), results from opacification of
the lens of the eye. This opacification diffuses and ultimately blocks light from entering the eye.
The lens with a cataract can be replaced with a synthetic lens, but this surgery is not often available
in developing countries. In developed countries, such as the United States, cataract surgery is
common (47) and costly, although the cost per surgery has declined in the past decade. In addition,
severe complications develop in 1% to 2% of surgeries. Therefore, preventing cataract could
have a significant economic and health impact. It is well known that oxidative stress contributes
to cataract development and that L and Z are the only two carotenoids, and two of the many
exogenous antioxidants, that protect against the development of lens opacities and their severe
form, cataract (for a recent review and discussion, see 119, 123, 183). Results of experiments in
cultured cells (42, 56) and rats (6) demonstrate that these carotenoids reduce the oxidative stress
and damage to the lens that lead to cataract development.

A large body of evidence from longitudinal observational studies (110, 114) supports a protective
association of L and Z in diet and/or serum with the subsequent prevalence or incidence of cataract
(except in well-nourished samples; 59, 81), particularly for opacities in the nuclear (central) region
of the lens, where opacities develop slowly over a lifetime. However, the degree to which these
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associations reflect the specific effect of L and Z status in cataract development, independent from
other components of fruit- and vegetable-rich diets, is difficult to isolate in observational studies.
This is because it is difficult to adequately adjust for the intake of all antioxidants in foods that are
consumed over the long period of time during which cataracts develop and that might confound
the association of L and Z intake to cataract. In one large multisite clinical trial, adding L and Z to
other antioxidant supplements did not slow progression to cataract surgery over five years, except
in secondary analyses in the participants with the lowest levels of L and Z from foods (1). This
result suggests the possibility that L and Z may indeed independently decrease risk for cataract,
and if so, the levels of L and Z required for optimum protection might be easily achieved in
well-nourished populations. Conducting additional clinical trials that are large enough to further
evaluate the independent protective effect of L and Z would be costly, given the fact that cataracts
develop over many years. However, adding cataract outcomes to existing intervention trials of L
and Z and conducting pooled analyses across trials would provide an opportunity to gain additional
insight. Results of pooled long-term prospective studies across strata of populations with varying
levels of confounding influences might also contribute additional data to evaluate the degree to
which L and Z intake or status contributes to cataract protection.

In summary, the body of evidence from different study types suggests that L and Z are likely
to be two dietary components that protect against nuclear cataract, but if this is the case, the
level needed to protect against lens opacity development is likely to be in the range of 0.5 to
1 mg/day, which is below the average intake in American adults (1.7 mg/day) (180). Assuring that
all subgroups of the population achieve this minimal intake of L and Z might substantially lower
the visual burden of cataracts and the risks and expense associated with cataract surgery, on a
population level. It has been estimated that slowing cataract development by only 10 years would
cut the need for cataract surgery in half (93).

Glaucoma and diabetic retinopathy. An early body of research suggests that L and Z might
help prevent the development and progression of glaucoma and diabetic retinopathy, which are
more common in people with diabetes. Diabetes is associated with lower MPOD (122, 163) and
could increase the risk of low retinal response to dietary xanthophylls in individuals at risk for
these conditions (as previously discussed).

Glaucoma is a group of conditions that cause optic neuropathy and the degeneration of the
retinal ganglion cells and their axons, leading to reduced visual sensitivity, particularly in the peri-
pheral field of vision. It is a long-term, chronic disease with no cure and is the leading cause
of irreversible blindness in the world because many people continue to have progressive, severe
vision loss despite treatment to lower eye pressure (149). Modifiable risk factors for glaucoma are
less studied than those for cataract and AMD.

Current evidence in animals and humans suggests that pathogenic mechanisms underlying
glaucoma include oxidative stress (for a review, see 177), which xanthophyll carotenoids are well
known to protect against. Recently, L was observed to suppress damage to the retinal ganglion cells
in rats (198). Damage to retinal ganglion cells occurs in glaucoma through hypoxia, oxidative stress,
and inflammation. Also, L and Z present in the ciliary body (19), which produces aqueous humor,
might protect against damage to the trabecular meshwork, lowering risk for high intraocular
pressure (IOP), which is a well-known risk factor for glaucoma. This possibility has not been
studied.

Higher dietary intake of fruits and vegetables rich in carotenoids (46, 58) has been associated
with lower glaucoma occurrence in two observational studies, but two other studies did not find
an association (85, 150). Interindividual variability in the absorption and retinal capture of L and
Z is high and may explain the lack of associations with dietary intake. In particular, diabetes or
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other aspects of metabolic syndrome associated with low MPOD (see section titled Influences on
Accumulation in Retinal Tissues) was more common in people with glaucoma in a large sample
representative of the general US population (199).

A small body of evidence from experiments in rodents and human observational studies suggests
a role for xanthophylls in protecting against diabetic retinopathy (for a recent review, see 61).
Diabetic retinopathy is the most common acquired cause of blindness in individuals of working
age (47). The growth in obesity rates and life span will increase the magnitude of the problem
worldwide (200). Hyperglycemia can lead to damage of the retinal microvasculature, indicative of
diabetic retinopathy, through a number of pathways that involve oxidative stress and inflammation
(for a review, see 61).

In diabetic mice, dietary intake of Z (90) or a Z- and L-rich food (wolfberry) (176) mitigated
retinal abnormalities, attenuated mitochondrial stress (195), and upregulated the expression of
genes for proteins that play roles in the uptake of L and Z into the gut and retina (i.e., SCARB1),
binding in the retina (i.e., GSTP1), and protection against mitochondrial damage as a result
of oxidative stress (i.e., BCO2). Data from human epidemiological studies and clinical trials are
limited and conflicting (123). In a small placebo-controlled, randomized trial, L was one of several
antioxidants that prevented progression of diabetic retinopathy over five years (57).

In summary, clinical, epidemiological, and animal studies suggest the possibility that better
L and Z intake could lower risk for glaucoma and diabetic retinopathy, but data are limited.
Prospective epidemiological study results are needed to estimate the influence of L and Z status on
the incidence and progression of diabetic retinopathy and glaucoma. Also, randomized controlled
trials are needed to determine whether L and Z, specifically, lower the progression of these
conditions. This research would be most efficiently accomplished by adding glaucoma and diabetic
retinopathy outcomes to existing observational studies and clinical trials.

Retinopathy of prematurity. Xanthophyll carotenoids might prevent retinopathy of prematurity
(ROP), a retinal neovascularization that leads to blindness in children born prematurely (for a
recent review, see 61). In ROP, hypoxic damage to the retina occurs as a result of suppression
of growth factors needed to complete the development of the retinal vasculature (which supplies
the inner retina) and leads to an increased metabolic demand after birth, causing the growth
of abnormal blood vessels in the vitreous. Recent small trials in human neonates indicate that
carotenoid supplementation lowers oxidative stress (145) and inflammatory markers (158). A meta-
analysis of four randomized controlled trials of L supplementation in premature infants found a
26% reduction in severe ROP (61). Another study (117) observed a lower risk of ROP among very-
low-birth-weight infants who received human milk, which contains L and Z (but also many other
components lacking in infant formulas). In summary, the biological plausibility that L lowers the
risk of ROP in preterm infants is high, but additional larger trials need to examine this possibility
with higher power and determine the dose of L needed for optimal effects and safety when human
milk cannot be provided.

Retinitis pigmentosa. Retinitis pigmentosa (RP), a group of largely inherited genetic disorders
of rod and cone photoreceptors, is the leading cause of inherited blindness in the developed
world (23). A loss of night vision early in the disorder is followed by a loss of vision in the rod-
dominated peripheral field of vision and eventually in the cone-rich center. The high level of
nonresponse (50%) to L supplementation (4) might be secondary to loss of retinal tissue (160).
L supplementation alone (10 mg/day for 12 weeks followed by 30 mg/day for 12 weeks) in 34
people improved the visual field in one randomized controlled crossover study (8), but 20 mg L
supplementation did not improve central vision in another small study of patients with RP and
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Usher syndrome (4). In a larger and longer randomized controlled trial, L (12 mg/d) added to
vitamin A supplements modestly slowed visual field loss over four years among nonsmoking adults
with retinitis pigmentosa. It has been suggested that adding omega-3 fatty acids to L and vitamin
A might additionally improve central vision (183).

Summary. Poor status for L and/or Z is associated with age-related cataract and a wide range of
inherited and acquired diseases of the retina from early to late life. Supplementation with these
xanthophylls often improves visual outcomes. However, results are inconsistent,, and levels that
are necessary and safe over the long term, are poorly understood. Supplementation with other
nutrients or antioxidants may improve visual outcomes, possibly by mechanisms that also increase
the ability to retain retinal xanthophylls.

LEVELS IN THE DIET, SERUM, AND SUPPLEMENTS

Diet. The first national estimates of dietary L and Z levels in US adults came from food records
reported in the 1986 Continuing Survey of Food Intake in Individuals. Results indicated that the
average intake of L and Z in adults 19 to 50 years of age was 1.3 mg/day. Subsequently, mean intake
levels in adults reported in the National Health and Nutrition Examination Survey (NHANES)
have been similar, whether estimated from responses to food frequency questionnaires (118) or,
more recently, one-day diet recall data. Mean intake levels estimated in the 2011–2012 NHANES
were 1.7 mg/day in adults age 20 and older and 0.8 mg/day in children ages 2 to 19 (180). Levels
of L and Z intake in some South Pacific study samples are higher (101) and reached 25 mg/day in
one study in Fiji (100).

The major food contributors to intake in the United States have changed somewhat over the
past 25 years. The size and composition of populations sampled, increased completeness of food
composition databases, and trends of intake over this time likely all contribute to these changes. In
1988, the major contributors were spinach; collard, mustard, or turnip greens; and broccoli (44).
These major contributors were followed by corn, green beans, and peas. These foods accounted
for about half of L and Z intake, and more minor amounts came mostly from other vegetables.
In comparison, in 2003–2004, when improved food composition databases for L and Z separately
were available, the major contributors (>50%) of L were leafy green vegetables, corn tortillas,
eggs, orange juice, and broccoli, and major contributors of Z were corn tortillas, eggs, and orange
juice.

Serum. Serum L/Z concentrations averaged 13 µg/dl in Americans over age 6 in two separate
NHANES cycles (2001–2002 and 2005–2006) (40), ranging from 6 to 30/31 µg/dl in the fifth
and ninety-fifth percentiles, respectively. Population groups at risk for lower serum L/Z status
included teens, whites, females, smokers, people who are abdominally obese, and those who are
less physically active.

Supplements. L and Z supplementation for eye health has become increasingly common since
supplements containing them entered the market in the late 1990s. The use of supplements for
eye health in general is increasing (50). Data from adults 20 years or older from the 2007–2010
NHANES indicated 4% used supplements for eye health, but for Americans over age 60, the
prevalence was more than twice that level (9). Two recent trends are likely to increase intakes of
L and Z supplements. First, the American Academy of Ophthalmology recently recommended
that persons with intermediate or advanced AMD be treated with a high-dose antioxidant sup-
plement that contains L and Z; this recommendation was made on the basis of the previously

www.annualreviews.org • Lutein and Eye Health 591



NU36CH21-Mares ARI 9 June 2016 12:31

discussed AREDS2 results (41). Moreover, individuals who have a family history of AMD might
choose to supplement with similar formulations (even though there is currently no evidence that
L and Z supplementation has prevented AMD). Second, techniques to assess the density of retinal
carotenoids are being commercialized for use in optometric and ophthalmological practices, which
may lead to identification of people in middle age with low MP levels and increased propensity
of individuals with low levels to take supplements. In 2014, L and Z were ingredients in most eye
supplements; L and Z levels in multivitamins were 0.25 mg, whereas doses in other supplements
ranged from approximately 5 mg/day to 50 mg L/day and 10 mg Z/day (62).

Levels associated with benefit and risks. At this time, there is no consensus or recommendation
for levels of L and Z intake that are safe and beneficial. However, intake for individuals who follow
the fruit and vegetable intake recommendations of the Dietary Guidelines for Americans would
be approximately 5 mg L and Z per day. Whereas the lowest AMD risk has been demonstrated
in persons with L and Z intakes of 5 to 6 mg per day, the levels needed to slow cataracts (if future
results confirm suspected protective effects) may be much lower. Results of short-term clinical
trials of L and Z supplements in relation to specific visual functions are inconsistent, and evidence
is insufficient to determine the level of intake required to attain maximal visual performance.
Also, there is a need to develop consensus about which visual functions are optimal for persons of
specific ages and for daily activities requiring vision. Recommendations might also be established
based on levels of L and Z needed to increase MP levels in trials. However, intake levels needed to
increase MP in short-term studies may be higher than intake levels that increase MP over a longer
time period. Current evidence suggests that levels of intake needed by individuals might differ,
depending on their ability to absorb L and Z, deliver them to the eye, and stabilize them within
the eye; these are influenced by both genetic and metabolic factors. Strategies to increase ocular
levels of MP might include more than increasing intake; they might include getting more physical
activity, eating diets rich in fruits and vegetables, and not smoking. These lifestyle changes might
enhance lutein and zeaxanthin status in the blood and retina by modifying metabolic phenotype.
This remains to be tested.

Data are insufficient to evaluate whether there are long-term risks of high L and/or Z intake
from supplements because L and Z supplement use prior to the past five years has been uncommon.
Clinical trials are not powered to evaluate adverse events and high L and Z supplement use.
Continued monitoring in observational studies is needed.

SUMMARY POINTS

1. L and Z appear to play specific roles in optimal visual performance in health and disease
and in lowering risk for common causes of visual impairment.

2. Well-powered clinical trials and long-term prospective studies are needed to determine
optimal levels associated with aspects of vision that impact daily function. In addition,
supplementation levels should be evaluated for adverse events, if any, related to the
long-term intake of these carotenoids in supplements.

3. Individuals who have lower blood and retinal responses to the intake of these carotenoids
might require higher intakes of lutein and zeaxanthin or longer periods of time to accu-
mulate optimal levels of macular pigment.

4. A critical need exists for data to establish guidelines for the safe and adequate intake of
L and Z in pregnant and lactating women and infants.
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