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Abstract

Lutein (L) and zeaxanthin (Z) are concentrated at the macula, where they are collectively
known as macular pigment (MP), and where they are believed to play a major role in protecting
retinal tissues against oxidative stress. Whilst the exact pathogenesis of age-related maculopathy
(ARM) remains unknown, the disruption of cellular processes by oxidative stress may play an
important role. Manipulation of dietary intake of L and Z has been shown to augment MP,
thereby raising hopes that dietary supplementation with these carotenoids might prevent, delay,
or modify the course of ARM. This article discusses the scientific rationale supporting the
hypothesis that L and Z are protective against ARM, and presents the recent evidence germane

to this theory.
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Introduction

The macula lutea is an anatomic region of the posterior
retina that measures approximately 5.5 mm in diameter,
and is exquisitely specialised for sharp central vision.
Lutein (L) is a carotenoid, which, along with its stereo
isomer zeaxanthin (Z), is concentrated at the macula lutea,
to give it its eponymous yellow colour.? Together, these 2
carotenoids are referred to as macular pigment (MP).

Age-related macular degeneration (AMD), the advanced
stage of age-related maculopathy (ARM), isadegenerative
condition of the macula characterised by the dysfunction
and death of photoreceptors secondary to an atrophic
(geographic atrophy) and/or a neovascular (choroidal
neovascularisation) event. At present, AMD is the leading
cause of blind registration in the developed world,?
with choroidal neovascularisation accounting for 90% of
these cases.

In the future, the prevalence of AMD is likely to rise
because of increasing longevity, and the associated
demographic shift towards an elderly population means
thatthis disease will representan increasing socioeconomic

problem. Furthermore, the currently available therapeutic
interventions are limited to a small subgroup of AMD
sufferers. Therefore, the delay, prevention, modification or
arrest of ARM progression represents the best means of
minimising the impact of this degenerative disorder on
vision-related quality of life in the modern world.

While the exact aetiopathogenesis of ARM remains
uncertain, there isagrowing body of evidence that oxidative
damage, which refers to tissue damage by reactive oxygen
intermediates (ROIs), may play a causal role.*> MP is
purported to prevent or retard the development or
progression of ARM because of its ability to absorb blue
light at the prereceptorial level, and its capacity to quench
ROIs via its powerful antioxidant activity.* MP cannot be
synthesised de novo in primates, and is entirely of dietary
origin. Furthermore, it has been observed that increased
intake of dietary L and Z results in augmentation of MP,5
consistent with the possibility that appropriate dietary
supplementation or modification would confer protection
against development and/or progression of ARM.

This review article aims to furnish the reader with an up-
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to-date analysis of the scientific rationale, and the evidence
base, with respect to the putative protection that MP
confers against ARM.

Historical Background

The first evidence that yellow pigment at the macula
might be a carotenoid appeared in 1945, when George
Wald" observed that the absorption spectrum of the MP
closely resembled that of a preparation from a leaf
xanthophyll (lutein). Based on this property, as well as its
solubility, he concluded that the pigment was the xanthophyll
known as lutein.

Bone et al® carried out the first chromatographic
characterisation of MP using high-performance liquid
chromatography, and concluded that MP is composed of 2
xanthophylls, L and Z. Subsequently, Handelman and co-
investigators® reported that there were differences in the
ratios of L to Z in the central and peripheral retina, with Z
predominating inthe foveaand L dominant in the parafoveal
region. Later, Bone and co-investigators® established the
complete identification and stereochemistry of macular
carotenoids.

Biochemical Structure of Macular Carotenoids

Macular carotenoids belong to a group of fat-soluble
coloured pigments known as carotenoids. The carotenoids
are characterised by acommon C, H_ -isoprenoid backbone,
and are subdivided into carotenes and their oxygenated
derivatives, xanthophylls. L and Z are xanthophylls, and
are distinguished from other carotenoids by the presence of
2 hydroxyl groups, one on either side of the molecule, that

HO

Lutein
(3R, 3'R, 6’R)-P,e-carotene-3, 3’-diol

Zeaxanthin (RR-zeaxanthin)
(3R, 3’R)-B,B-carotene-3, 3’diol
-

HO

Meso-Zeaxanthin (RS-Zeaxanthin)
(3R, 3’S)-B,p-carotene-3, 3’diol

Fig. 1. Biochemical structure of macular carotenoids.

are believed to play a critical role in their biological
function.t?

Although L and Z are constitutional isomers, their
biochemical structures differ in many subtle ways (Fig. 1).
First, L differs from Z in the position of the double bond
present within the six-carbon (ionone) ring located on the
right side of the carbon chain. Second, L has one ionone
ring as P type and another as € type, whereas both the
ionone rings in Z are of 3 type. Third, the 3’hydroxyl group
of the e-ionone ring in L is folded back from the horizontal
plane, while the corresponding group in Z projects forward
from this plane. Finally, L is characterised by the presence
of 3 stereocentres while Z has 2.1

Itis noteworthy that L existsasasingle stereoisomer (3R,
3'R, 6’R-p, e-Carotene-3, 3’-diol) at the macula, whereas
Z subsists as 2 separate isomers, (3R, 3’R zeaxanthin: Z;
3R, 3’S zeaxanthin: mesozeaxanthin). The retinal
concentration of the third isomer of Z that exists in nature
(3S, 3’S zeaxanthin) is negligible.

Spatial Distribution of Lutein and Zeaxanthin

The concentration of L and Z at the macula represents the
most conspicuous accumulation of carotenoids inthe human
body. The estimated concentration rises to almost 1 mM
within the central macula, 3 orders of magnitude above that
existing in normal serum.® L, Z, and meso-zeaxanthin
represent about 36%, 18% and 18% of total retinal
carotenoids, respectively.®

The macular carotenoids are distributed in a retinotopic
fashion. The concentrations of L and Z peak in the central
1 to 2 degrees of the fovea, and decline in an exponential
fashion to negligible levels by 5 to 10 degrees radial
eccentricity. In terms of their vertical distribution, L and Z
are localised mainly in the plexiform layers of the retina*
and in the outer segments of the photoreceptors.t®¢ It is
important to note that although the concentrations of
individual carotenoids are highest in the central fovea, the
absolute quantity of each carotenoid is greater in the non-
macular retina.

Z predominates in the macula to a radial distance of 2.5
mm from the fovea (L:Z ratio = 1:2.4), while L is found in
greater abundance than Z in the peripheral macula (L:Z
ratio = 2:1).8 This variation in the ratio of L:Z mirrors the
linear variation in the ratio of rods: cones, with increasing
eccentricity fromthe foveal centre.® Ithasalso been proposed
thata conversion mechanism may exist in the cones whereby
L is isomerised to mesozeaxanthin, and may thus explain
the predominance of zeaxanthin at the cone-enriched fovea.

Dietary Sources of Macular Carotenoids

Humans and primates do not synthesise L and Z de novo,
and therefore depend entirely on dietary sources of these
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compounds. The highest concentration of L is found in
food sources with yellow colour, such as maize (60 Mole%)
and egg yolk (54 Mole%), the intense coloration being due
to the extensive conjugation in the polyene chain.*” Dark
leafy green vegetables, such as spinach and kale, are also
good sources of L; however, the yellow colour of L is
masked by high concentrations of chlorophyll. Orange
peppers, followed by egg yolk, maize, and orange juice,
also serve as good sources for Z (Table 1).28

On average, fruits and vegetables contain 7 to 10 times
more L than Z. It is worth mentioning that mesozeaxanthin
is virtually non-existent in food sources originating
from plants.

Uptake, Distribution and Stabilisation of the Caro-
tenoids at the Macula

Naturally occurring macular carotenoids exist as protein
complexes called carotenoproteins. Heating food denatures
the carotenoproteins and facilitates the absorption of L and
Z,thusimproving their bioavailability. However, excessive
heating results in the isomerisation of all trans double
bonds to cis configurations, destroying up to 60% of
xanthophylls during the cooking process. Interestingly, of
all xanthophylls, L appears to be the most heat-stable.®

L and Z are absorbed from the duodenum via
chylomicrons, and this process is dependant on the presence
of bile and pancreatic juices. Following absorption, these
carotenoids reach the liver via the portal circulation where
they are repackaged as plasma lipoproteins for subsequent
release into the systemic circulation. In the plasma, it has
been suggested that they are carried predominantly by the
Apo E containing high-density lipoprotein.

Several factors influence the bioavailability of macular
carotenoids from the gastrointestinal tract. These include
food preparation and storage (Table 2), interaction among
different types of carotenoids, physiological variations and
various disease states.*

The processes governing the capture and stabilisation of
L and Z at the macula remain elusive. Intracellularly, L and
Zareevenly distributed between the cytosolicand membrane
fractions. The cytosolic fraction is water-soluble, and may
be passively deposited by tubulininanon-specific manner.?
The abundance of tubulin in the axonal layer of the retina
may account for the heavy concentration of MP within the
Henle’s layer. The uptake of the membrane fraction is
thought to be actively mediated by highly specific
xanthophyll-binding proteins.?? This mechanism may
account for the presence of L and Z in the rod outer
segments, which are devoid of tubulin.

Adipose tissue is a major storage site for the macular
carotenoids. A study of tissue-specific distribution of
carotenoids in female quails suggests that fat tissue has a
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Table 1. Carotenoids in Fruits and Vegetables Expressed as Mole %

Fruits/Vegetables L+Z L z
Egg yolk 89 54 35
Maize (corn) 86 60 25
Kiwi 54 54 0
Red seedless grapes 53 43 10
Zucchini squash 52 47 5
Pumpkin 49 49 0
Spinach 47 47 0
Orange pepper 45 8 37
Yellow squash 44 44 0
Cucumber 42 38 4
Pea 41 41 0
Green pepper 39 36 3
Red grape 37 88 4
Butternut squash 37 37 0
Orange juice 35 15 20
Honeydew 35 17 18
Celery (stalks/leaves) 34 32 2
Green grapes 31 25 7
Brussels sprouts 29 27 2
Scallions 29 27 3
Green beans 25 22 3
Orange 22 7 15
Broccoli 22 22 0
Apple (red delicious) 20 19 1
Mango 18 2 16
Green lettuce 15 15 0
Tomato juice 13 11 2
Peach 13 5 8
Yellow pepper 12 12 0
Nectarine 11 6 6
Red pepper 7 7 0
Tomato (fruit) 6 6 0
Carrots 2 2 0
Cantaloupe 1 1 0
Dried apricots 1 1 0

Reproduced with permission?®

preference for L, whereas the retina has a preference for
Z.2Theobserved differences in capture of these compounds
suggest that tissue-specific xanthophyll binding proteins
may mediate L and Z capture in each tissue.

Aetiopathogenesis of ARM

The pathogenesis of ARM is believed to be multifactorial,
and includes cumulative light damage,?*?> free radical
injury,? genetic factors,?” and various haemodynamic
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Table 2. Effect of Processing on Carotenoid Content (ug per 100g) of
Various Fruits and Vegetables

Fruit/Vegetables L + Z content

(ug per 100 g)

Preparation

Kale boiled 15,798
raw 39,550
Spinach boiled 7043
raw 11,938
frozen 830
Broccoli boiled 2226
raw 2445
Corn boiled 1800
canned 884
Brussels sprouts boiled 1290
raw 1590
Celery boiled 250
raw 232
Tomatoes boiled 150
raw 130

Adapted with permission®

processes.? Itis increasingly believed that oxidative stress
may be a final common mediator for all of these factors.

Oxidative stress occurs when the level of cytotoxic
reactive oxygen intermediates (ROIs) in a system exceeds
the detoxifying capacity of the antioxidants, thus causing
oxidative damage to cells. ROIls are unstable molecules
produced in tissues throughout the body, largely by the
mitochondria (during the process of oxidative
phosphorylation), and by the cytochrome P450 enzyme
system in the liver. Even at low concentrations, prolonged
exposure to ROIs results in tissue injury, DNA mutation
and disease.?

The retina is vulnerable to oxidative damage for several
reasons. First, the retina is constantly exposed to light and
high levels of oxygenthat provide a favourable environment
for the generation of ROIs. Second, the lipid bilayer of the
photoreceptor outer segments contains high concentrations
of polyunsaturated fatty acids, which are readily oxidised
by ROIs. Third, the retinaand the retinal pigment epithelium
(RPE) have an abundance of photosensitisers. And, finally,
the phagocytic function of the RPE itself is an oxidative
stress and results in the production of ROIs.® ROIs react
with adjacent integral cellular molecules, oxidising them,
and thereby changing their structure and function. Oxidised
molecules of lipid and protein are phagocytosed by the
RPE, and accumulate as lipofuscin,® which, in turn,
generates additional ROIs in response to irradiation with
blue light.!

The cytotoxic effect of ROls in the retina is modulated in

vivo by 3 mechanisms. Cellular compartmentalisation
(limiting exposure of sensitive structures to the damaging

effect of ROIs), repair of damaged macromolecules, and
quenching and/or removal of ROIs by the antioxidant
defence system.®> Of these 3 mechanisms, the most
biologically important is the antioxidant defence system.
Thissystem consists of the endogenous antioxidantenzymes
(glutathione, superoxide dismutase and catalase) and the
exogenous antioxidants (vitamins A, C, E, the carotenoids,
bioflavonoids, selenium and zinc).

Evidence that Oxidative Stress is Responsible for ARM

ROIs are produced in all cells as a by-product of
metabolism,* and additionally, in the retina, by photo-
chemical reactions between light and oxygen.3* ROls are
likely to be particularly abundant in the retina because of its
high metabolic rate, and because of the abundance of
photosensitisers® which increase photochemical production
of ROIs in response to incident light energy. Oxidative
stress in the retina results in the formation of quantifiable
by-products, evidence of which has been directly
demonstrated in animal models of ARM?* and in animal
models with light induced retinal damage.® Similarly, by-
products of oxidative stress have been demonstrated in the
retinae of human subjects with ARM.?*® Studies have
shown that vitamin C, a powerful antioxidant, can protect
against light induced retinal damage in animal models,*
and that higher dietary intake, and serum levels, of
antioxidants may be associated with a lower incidence of
ARM in humans.?4-# Finally, several studies have
demonstrated a link between the pro oxidant effects of light
exposure, = dietary fatty acids* and retinal lipofuscin,*'8
and an increased risk for ARM.

Functions of Macular Carotenoids

The 2 main properties of macular carotenoids, which are
particularly attractive in terms of their putative protective
effectfor ARM, include blue light filtration and antioxidant
capacity.

Blue Light Filtration

Ham et al*® first demonstrated that the magnitude of light
induced retinal damage is a function of wavelength, and
that there is an exponential rise in the retinal injury with
decreasing wavelength.

In the retina, short-wavelength blue light initiates
photosensitisation with the consequential generation of
ROIs.5° L and Z, by virtue of absorbing blue light en route
to the photoreceptors, may prevent this short-wavelength
light from producing ROls. From this perspective, the blue
light filtering property of the macular carotenoids can be
considered as a passive, or indirect, antioxidant function.

Macular carotenoids are well-suited to act as an optical
filter to the potentially damaging blue light for numerous
reasons. First, the absorbance spectrum of macular
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carotenoids peaks at 460 nm, which corresponds to the
wavelength of blue light. Second, the distribution of macular
carotenoids is such that they reach their highest
concentration in the prereceptorial axon layers of the
retina, and therefore, absorb blue light before it reaches the
photoreceptors. Finally, MP is distributed throughout the
photoreceptor cell, and thus, each receptor cell screens
itself as well as the adjoining cells due to the lateral course
of the axons.™

L has greater filtering efficacy than Z due to the difference
inthe orientation of the respective molecules. The molecules
of Z are orientated perpendicular to the photoreceptor
membrane, whereas those of L have both parallel and
perpendicular orientation within the membrane.>! The two
orthogonal positions of the L molecule allow absorption of
light from all possible directions, and thus make L a better
optical filter than Z. Furthermore, L and Z exert equally
protective effectsagainst short-term photochemical damage;
however, under conditions of prolonged UV exposure, Z is
more effective than L at diminishing UV-induced lipid
peroxidation.

According to Snodderly et al,*? it has been estimated that
macular carotenoids decrease the incident blue light by
approximately 40%. Thisis particularly importantinyoung
individuals with a transparent lens, which allows virtually
all the incident visible light to reach the macula.

Antioxidant Function

In 1997, Khachik et al®*®* demonstrated the presence of
oxidative products of macular carotenoids in the retina,
providing the first evidence that L and Z have antioxidant
activity in this tissue. Evidence exists to support a dual
mechanism for this antioxidant activity, namely singlet
oxygen quenching, and free radical scavenging.

Singlet oxygen quenching: The quenching of singlet
oxygen is primarily by a physical mechanism, in which the
molecule of a carotenoid accepts the excitation energy
fromsinglet oxygen. The added energy causes excitation of
the carotenoid molecule, resulting in the generation of a
“triplet” state (*Car").%’

'0," + 'Car — *0, + 3Car”

This triplet state of carotenoid dissipates energy,
harmlessly, through rotational and vibrational interactions,
and relaxes into its ground state (*Car).*

SCar” — !Car + Heat

Because this is a physical mechanism (as opposed to a
chemical reaction), the structure of the carotenoid molecule
remains unchanged.

The relative singlet oxygen quenching ability of a given

carotenoid is related to the number of conjugated double
bonds, at least in vitro. Therefore, macular carotenoids are
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very effective quenchers of singlet oxygen.t’

Reactive oxygen intermediate scavenging: Carotenoids
canscavenge free radicals in 2 ways. Firstly, the free radical
obtains its missing electron by removing an electron from
the electron-rich molecule of the carotenoids. Secondly,
the free radical adds itself to the carotenoid molecule to pair
its single electron, thus forming a covalent bond. In either
case, the electron-rich structure of the carotenoid molecule
attracts free radicals, thus sparing the cell components such
as lipids, proteins and DNA from oxidative damage.®

Of note, L and Z are more effective quenchers of singlet
oxygenwhen exposed to ROI-initiated oxidative conditions
than are lycopene and beta-carotene. The main reason
being that the polar end-groups of the macular carotenoids
protrude from the lipid cell membrane into the intra- and
extra-cellular plasma, and therefore, can interact with the
ROI outside the membrane.>* This property makes L and Z
highly effective antioxidants, in contrast with apolar
carotenoids such as lycopene, in the photoreceptor outer
segment where the photo transduction cascade takes place
along the vast membrane surface.!” Also, the antioxidant
capacity of L and Z is dependent on the site of ROI
generation, with greater efficacy observed in the lipid
phase environment of the photoreceptor membranes.

Macular Carotenoids and ARM; Evidence For and
Against
Macular Pigment

The evidence to support a protective role of MP in ARM
exists in the form of histopathological, clinical,
circumstantial, and epidemiological (observational and
interventional) studies.

Histopathological evidence: Landrum and Bone?®
analysed the levels of macular carotenoids in donor retinae
from subjects with and without AMD, using high-
performance liquid chromatography. These authors found
that the mean concentration of the macular carotenoids in
the peripheral retina was lower in eyes with AMD than
control eyes. The importance of this observation rests on
the fact that any observed lack of L and/or Z in peripheral
retina, as opposed to central retina, cannot be attributed to
AMD. Similarly, the same investigators went on to determine
L and Z levels in 3 concentric regions centred on the fovea
in 56 donor eyes with AMD and in 56 controls without
AMD, and found that those peripheral retinae in the highest
quartile of L and Z concentration had an 82% lower risk for
AMD compared with those in the lowest quartile.®®

Clinical evidence: A protective effect of macular
carotenoids has been suggested by the clinical picture of
atrophic AMD, which has been observed to spare the fovea
(where the concentration of MP peaks) until advanced
disease. A similar pattern is observed in other annular
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macular degenerations such as Bull’s eye maculopathy,
drug-induced maculopathy, and photic lesions consequen-
tial to ophthalmic surgery.

Circumstantial evidence: The term circumstantial
evidence refers to parallels between the risk of developing
AMD and factors associated with low levels of macular
carotenoids. These include smoking,*%¢ female gender,**’
light iris colour,* and increased lens density.*

Smoking isamodifiable risk factor that has been strongly
associated with an increased risk of AMD. According to a
recent review, there is a two to threefold higher risk of
AMD incurrentsmokers versus never-smokers. Itisknown
that smoking is associated with an increase in oxidative
stress and a decrease in antioxidant levels, which may
result in the depletion of macular carotenoids, with a
consequential increase in the risk of ARM.

With age, there are various morphological and functional
changes in the macula, the principal changes being a
reduction of cone density and preferential loss of sensitivity
of the short wavelength cone (s-cone) pathway. Past studies
have observed an accelerated decline in the sensitivity of
the s-cone pathway in elderly subjects who have relatively
lower levels of MP, suggesting that this pigment protects
against such functional deterioration (which is known to
precede ARM).*® Thus, it has been postulated that the
macular carotenoids may retard ageing changes that are
known to precede the clinical manifestation of AMD.

Serum Levels of Macular Carotenoids and ARM

To date, 7 studies have investigated the relationship
between serum levels of L (and Z) and the risk of developing
ARM?3414260-62 (Tghle 3). Of these, 3 studies have observed
a significant protective effect of at least one of these
carotenoids.3#42

The EDCCS demonstrated a significant inverse relation-
ship between the prevalence of AMD and the serum
concentrations of L and Z (P =0.0001).%? Furthermore, this

study also demonstrated a progressive decrease in
the risk of exudative ARM with increasing serum levels
of carotenoids and increasing antioxidant index (a
composite score based on serum carotenoids, selenium,
vitamin C and E).*2

Similarly, NHANES I[11** found an inverse, though
marginal, association between serum levels of L and Z and
risk of ARM. In addition, recently, Gale et al® have
demonstrated a twofold higher risk of ARM in patients
within the lowest versus the highest tertile for serum Z
levels. However, no such relationship was observed for
serum L in that study.

Itis important to remain cognisant of the fact that several
studies have failed to show any relationship between serum
levelsof L (or Z),and ARM (Table 3).6% It is worth noting,
however, that these studies®®® had fewer subjects than
those which reported that low serum levels of these
carotenoids represented increased risk for ARM,3#42 and
may, therefore, have had less statistical power to detect
small differences between cases and controls.

The measurement of serum levels of antioxidants has
some advantages over dietary assessment, because
incomplete food composition databases and variation in
absorption between individuals do not influence the results
of the former. However, serum levels may not always
reflect the macular concentrations of the corresponding
carotenoids, due to the fact that serum L and Z are poor
indicators of tissue status.

Dietary Intake of L and Z with Respect to ARM

Observational studies: Of 5 studies which examined the
relationship between dietary L and risk of ARM (Table 4),
3 found an inverse correlation,*4344 whereas 2 failed to
demonstrate any significant relationship.54

The Eye Diseases Case Control Study (EDCC) was the
first epidemiological study to observe a direct relationship
between the dietary intake of L (and Z) and the risk of

Table 3. Observational Studies Examining the Relationship between Serum Concentration of L and Z and Risk of Age-related Maculopathy

Study/Author (Year of publication) Design No. of participants Carotenoid examined Relationship
Saunders et al (1993)%2 Case control 65 cases, 65 controls L none
EDCCS (1993)* Case control 356 cases, 520 controls L+Z inverse
BDES (1995)% Case control 167 cases, 167 controls L+Z none
NHANES 111 (2001)* Cross-sectional 8222 Lz inverse
Simonelli et al (2002)%° Case-control 48 cases, 46 controls L+Z none

Gale et al (2003)° Cross-sectional 380

Cardinault et al (2005) Case control

34 cases, 21 controls

L + Z; L, Z independently inverse (Z only)

L, Z independently none

BDES: Beaver Dam Eye Study; EDCCS: Eye Disease Case Control Study Group; L: Lutein; NHANES II: The Third National Health and Nutrition

Examination Survey; Z: Zeaxanthin
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Table 4. Observational Studies Examining the Relationship between Dietary Intake of L and Z and Risk for Age-related Maculopathy (ARM)

Study/Author Design No. of participants Carotenoid examined Relationship
(Year of publication)

EDCCS (1994)* Case-control 356 cases, 520 controls L+Z Inverse
BDES (1996)% Cohort 1968 L+Z None
NHANES 111 (2001)* Cross sectional 8222 L+Z Inverse*
BMS (2002)% Cohort 2335 L+Z None

Snellen et al (2002)* Case control 72 cases, 66 controls L Inverse

BDES: Beaver Dam Eye Study; BMS: Blue Mountain Eye Study; EDCCS: Eye Disease Case Control Study Group; L: Lutein; NHANES III: The Third

National Health and Nutrition Examination Survey; Z: Zeaxanthin

* Inverse relation between dietary intake of L + Z and soft drusen, and between dietary intake of L + Z and the presence of pigmentary abnormalities, in the

lowest age group at risk of ARM.

ARM.# Of all the carotenoids, L and Z were most strongly
related to a reduced risk of ARM, reflected in a 57% lower
risk for highest quintile of L intake (6 mg per day) when
compared with the lowest quintile (0.5 mg per day).

Subsequently, the National Health and Nutritional Ex-
amination Survey (NHANES I11) found a significant asso-
ciation between the consumption of L (and Z) and the risk
of advanced AMD in the youngest age group at risk for this
condition.** Likewise, Snellen and coworkers* demon-
strated an association between early ARM and low intake
of L in the diet. It is important to note that this latter study
did not assess the relationship between dietary intake of Z
and the risk for ARM.

All of these studies assessed the dietary intake of L and
Z with the help of a food frequency questionnaire (FFQ). It
is worth mentioning that FFQs do not take into account the
effect of cooking on nutrient content, food interactions
affecting bioavailability, and the influence of memory and
social desirability, which may affect the precise assessment
of dietary intake of L and Z.

Interventional studies: Several randomised placebo-
controlled clinical trials have investigated the role of
antioxidants in individuals with AMD. However, the Age-
Related Eye Disease Study (AREDS) has reported the
firmest evidence that antioxidants are protective against
ARM. This research group has demonstrated that anti-
oxidant supplementation reduces the risk of ARM
progression and visual deterioration by 25% and 19%,
respectively.®

However, the AREDS supplement did not contain L and
Z, as these were commercially unavailable at the time of
that study’s inception. Therefore, it is possible that the
beneficial effect of antioxidant supplement, as seen in the
AREDS trial, would have been even greater if L and/or Z
had been included in the supplement given. This is because
L and Z are specifically concentrated at the macula, and
have a putative additional beneficial effect of filtering blue
light before it reaches the photoreceptors.
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To date, 3 interventional studies have examined the
effect of dietary L supplementation on the risk for ARM
(Table 5). The data from all 3 studies report improvement
in visual function and/or visual acuity as a result of L
supplementation.®”® Although the statistical power of
these studies is limited by their small size, they are,
nonetheless, encouraging. It is worth mentioning that all
interventional studies used L for supplementation, as
preparations of pure Z are not commercially available.
However, preparations of L isolated from marigold (Tagetes
erecta) petals contain approximately 5% Z.

Safety of Macular Carotenoids
Animal Studies

The 4 studies which have investigated L toxicity in
animal models using purified crystalline L in supplemental
form are summarised in Table 6.%° The results from these
studies demonstrate that there were no observed adverse
clinical or histopathological changes suggestive of toxicity
following the administration of high doses of L (up to 639
mg L per kg body weight per day for 4 weeks).

Furthermore, genotoxic potential of purified crystalline
L was assessed in different strains of Salmonella
typhimurium using the Ames test, and it was observed that
L does not induce mutagenicity.”* Indeed, a number of
studies have revealed an antimutagenic effect of natural
xanthophylls.”7

Human Studies

Among the general population, the mean intake of L and
Z is significantly lower than the usual dietary
recommendation, and, therefore, there are no reported
adverse effects of long-term exposure to these carotenoids
from dietary sources. However, a number of human
interventional studies, involving supplementation with high
doses of L for extended periods of time, have failed to
demonstrate toxicity.®

The only undesirable effect reported as a result of L
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Table 5. Human Intervention Studies Investigating the Influence of Supplemental L on Visual Function in Age-related Maculopathy

Study/Author Design Participants (n) Supplement given/ Period of Outcome

(Year of publication) dose supplementation

Richer et al (1999)% Case-series AMD patients (14) 14 mg L/day 3 to 12 months Improvement in
visual acuity, and several
other parameters of visual
function

Massacesi et al (2001)% Randomised, ARM patients (50) 15 mg L/day 18 months Improvement in visual

placebo-controlled acuity
LAST (2004)% Randomised, AMD patients (90) 10 mg L/day 12 months Improvement in visual

placebo-controlled

acuity, and several other
parameters of visual
function

AMD: age-related macular degeneration; ARM: age-related maculopathy; L: Lutein; LAST: the Veterans LAST study (Lutein Antioxidant Supplementation

Trial)

Table 6. Summary of Lutein Toxicity Studies in Animals

Author Animal model Study design Conclusion
(Year of publication)
Jenkins et al (2000)™ Rat Up to 35 mg L per day for 8 weeks No exposure-related toxicity except reduced
lung and brain weight
Kruger et al (2002)™ Rat Up to 639 mg L/kg body weight No exposure-related toxicity or adverse events
per day for 4 weeks
Kruger et al (2002)™ Rat Up to 208 mg L/kg body weight No exposure-related toxicity or adverse events

per day for 13 weeks

Goralczeyk et al (2002)™ Monkey

Up to 20 mg L/kg body weight
per day for 52 weeks

No exposure-related toxicity or adverse events

L: Lutein
Reproduced with permission?®

supplementation in humans has been carotenedermia, a
harmless and reversible cutaneous hyperpigmentation
analogous to jaundice.””” This condition results from
excessive intake of carotenoids, and isnotsolely attributable
to high intake of lutein.

Lutein is unlikely to exert a pro-carcinogenic effect
similar to high doses of beta-carotene or other vitamin A
toxicity. The reason is that L does not interact with the
retinoic acid receptors or AP-1 complex, and possesses no
provitamin A activity. Indeed, a diet with nearly 25 g of L
per day consumed by the population in the Fiji islands is
associated with a lower rate of lung cancer relative to other
South Pacific islands.” Furthermore, the data from a few
observational studies suggest that L tends to have a protective
effect against lung cancer.’®

Conclusion

In conclusion, the macular carotenoids may play a vital
role in protecting the macula against oxidative stress.
Currently, an increasing number of observational studies,
and a small number of intervention trials, suggest that L
and/or Z may prevent ARM, or arrest its progression.

Furthermore, the data from animal and human studies
reportthat long-term supplementation with pharmacological
doses of L is safe. However, the results from ongoing large
randomised clinical trials are awaited, and should clarify
the role of macular carotenoids with respect to protection
against ARM.
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