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The actions of nutrients and related compounds on age-related macular degeneration
(AMD) are explained in this review. The findings from 80 studies published since 2003 on the
association between diet and supplements in AMD were reviewed. Antioxidants and other
nutrients with an effect on AMD susceptibility include carotenoids (lutein and zeaxanthin,
β-carotene), vitamins (vitamin A, E, C, D, B), mineral supplements (zinc, copper, selenium),
dietary fatty acids [monounsaturated fatty acids, polyunsaturated fatty acids (PUFA both
omega-3 PUFA and omega-6 PUFA), saturated fatty acids and cholesterol], and dietary
carbohydrates. The literature revealed thatmany of these antioxidants and nutrients exert a
protective role by functioning synergistically. Specifically, the use of dietary supplements
with targeted actions can provide minimal benefits on the onset or progression of AMD;
however, this does not appear to be particularly beneficial in healthy people. Furthermore,
some supplements or nutrients have demonstrated discordant effects on AMD in some
studies. Since intake of dietary supplements, as well as exposure to damaging
environmental factors, is largely dependent on population habits (including dietary
practices) and geographical localization, an overall healthy diet appears to be the best
strategy in reducing the risk of developing AMD. As of now, the precise mechanism of action
of certain nutrients in AMD prevention remains unclear. Thus, future studies are required to
examine the effects that nutrients have on AMD and to determine which factors are most
strongly correlated with reducing the risk of AMD or preventing its progression.
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1. Introduction

Age-related macular degeneration (AMD) is one of the leading
causes of progressive, bilateral blindness in elderly individuals.
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AMDcan be classified as non-exudative (dry) or exudative (wet).
The pathogenesis of dry AMD involves the presence of
extracellular debris (drusen) over the retinal pigmented epithe-
lium (RPE). Upon ophthalmoscopic examination, the drusen
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appear as yellowish lesions in the macula. The classification of
drusen is based on both dimensional and morphological
criteria; drusen may be small (<63 μm in diameter), medium
(63-124 μm), or large (>124 μm) and can have a hard or soft
appearance along the margins [1,2].

The progression of drusen characteristically involves an
increase and confluence of more drusen in a single lesion. The
diffusion and growth of drusen determine the detachment of
RPE with a loss of photoreceptors in the central macula and
subsequent blindness. Dysfunction of the RPE, Bruch’s mem-
brane, and the choroid are the principal mechanisms involved
in the pathogenesis of AMD (Fig. 1) [3]. Environmental and
genetic factors influence the events underlying the disease
andmodify the individual risk factors of developing AMD. Due
to the interaction between genetic and environmental factors,
the etiology of AMD is multifactorial [4]. As with other
complex diseases, recent genome-wide studies have estab-
lished and confirmedmany genetic variants associated with a
Fig. 1 – Development of AMD disease. AMD is mainly due to pho
represented by the cellular assessment of the normal macula (lef
the left side of the image, the cells in the macula are normally re
(composed of a core of glycolipids and glycoconjugates) impairs t
layers of macula, leading to degeneration of RPE and photorecep
neovascular factors determines the formation of choroidal neova
degeneration of RPE and photoreceptors. In the normal ageing pro
a thickening of themembrane and improving the oxidative distre
intrinsic antioxidant system. Furthermore, the lipids can bind th
endothelial growth factor (VEGF). The production of inflammation
and induces the formation of functional microvascular networks
prevent the disease and delay its progression. In the upper portio
side) and progression (right side) of the AMD are listed.
higher risk for AMD [5–9]. In this review, we summarize the
effects that dietary practices and nutritional supplements
have on the susceptibility of AMD.
2. Summary of the literature cited

This review included electronic searches of the PubMed,
Medline, Scopus, and Google scholar databases, using the
following search terms: “AMD,” “supplements,” “antioxi-
dants,” “carotenoids,” “vitamins,” “diet,” “intake,” “suscepti-
bility,” and “risk” in various combinations. These electronic
searches were limited to literature within the last 10 years;
however, the biological mechanism of nutrients constitutes
an exception since the time-limit was removed. This search
was supplemented by manually searching the reference lists
of original studies and reviews. Herein, we present a summary
of the literature on the relationship between nutritional
tochemical damage and oxidative stress. In the figure it is
t side), the dry AMD (center), and the wet AMD (right side). In
presented. In the dry form of AMD (center), the drusen
he metabolic connection between the choroid and the upper
tors. In the wet form of AMD (right side), the production of
scularization (CNV) with subsequent fluid leakage and major
cess, the lipids accumulate in the Bruch’smembrane, causing
ss.Moreover, the Bruch’smembrane is lacking of an adequate
e macrophages inducing the secretion of the vascular
factors improves the damage to the RPE and photoreceptors
(choroidal neovacularization). Antioxidant factors might
n of the image, the pool of nutrients involved in the onset (left
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factors and AMD. Moreover, the review summarizes the
potential roles of nutritional supplements in determining
the biological effects of natural products on AMD (Fig. 1). In
this review, it is revealed that many supplements have the
potential to be protective for AMD and may afford some
protection to the dangerous effects of oxidative stress.
Antioxidants with an effect on AMD susceptibility include
carotenoids (lutein and zeaxanthin, β-carotene), vitamins
(vitamin A, E, C, D, B), mineral supplements (zinc, copper,
selenium), dietary fats [monounsaturated fatty acids (MUFA)
and polyunsaturated fatty acids (PUFA both omega-3 and
omega-6), saturated fatty acids (SFA), cholesterol], and dietary
carbohydrates. The literature indicates that many antioxi-
dants exert a protective role by functioning in combination
with other nutrients or compounds that have some antioxi-
dant activity. Specifically, the introduction of dietary supple-
ments can provide some benefit on the onset or progression of
AMD; however, these may not be particularly valuable in
healthy people. In this review, we found that carotenoids,
such as lutein and zeaxanthin, were the most investigated.
The antioxidant effect of these substances is related to the
content in the macular pigment, which protects the photore-
ceptor cell layer from light damage by filtering blue light.
Vitamin supplements show mixed results. Instead of a low
risk, high intakes of vitamins A and C have been reported in
association with a high risk of AMD. Vitamin E levels are
correlated to the intake of other nutrients, and these varied
results could be due to the difficulty of singular analysis.
Promising results were obtained for vitamins D and B (folic
acid–vitamin B9, pyridoxine–vitamin B6, and cyanocobalamin–
vitamin B12). The literature on mineral supplements revealed
a slight effect of zinc on the prevention of AMD progression;
however, copper and selenium, even when investigated in
large studies, failed to demonstrate any influence on AMD
susceptibility and progression. Likewise, dietary fats and
carbohydrates demonstrated few effects in the prevention of
AMD onset and progression. Indeed, the dietary intake of
supplements, as well as exposure to damaging environmental
factors (such as blue light, UV rays, etc.), are largely dependent
on population habits and geographical localization. Never-
theless, a healthy diet appears to be the best strategy to reduce
the risk of developing AMD. These findings suggest that
physicians should pay close attention when prescribing
dietary supplements in the prevention of AMD. Further
studies are needed to elucidate the role of individual nutrients
and supplements on a patient’s risk in the development or
progression of AMD. Since one of the main causes of AMD is
thought to be related to oxidative stress or an imbalance in
pro- and antioxidant factors, we first focus on this condition
contributing to AMD.
3. Oxidative stress in the pathogenesis of
AMD and antioxidant nutrients

Within the last century, several studies have elucidated how
light can produce physiological and/or molecular damage to
the eye. Oxygen exacerbates this damage via free-radical
chain reactions [10,11]. This photochemical damage typically
involves a compromised region in themacula in patients with
AMD. Thus, the main mechanism inducing damage to the
retina affected by AMD is oxidative stress, which is defined as
an excess of reactive oxygen species (ROS). ROS production is
increased in elderly individuals, and these individuals also
demonstrate a reduction in antioxidant defenses. Retinal
tissues have several characteristics that predispose an
individual to ROS-induced damage. These characteristics
include: (i) an abundance of PUFA, (ii) exposure to light
(which is a strong oxidizing agent), and (iii) a highmetabolism
(as the retina requires a large quantity of oxygen).

In the retina, these processes generate free radicals, which
are activated forms of oxygen and potentially dangerous due
to their role in the oxidative process. Several studies have
investigated the protective role of numerous micronutrients
and macronutrients in modifying the individual risk factors
for developing AMD.

In the search for a specific protective role of antioxidant
agents in AMD, the addition of antioxidants to the diet has
been the focus of several trial studies. In the human body,
several mechanisms have been described in which selected
compounds can prevent the formation of free radicals and/or
their harmful activity. The intake of these compounds, either
through the diet or as a supplement, may modify an in-
dividual’s susceptibility to AMD.

Several different compounds with antioxidative activities
are provided via the diet. The major dietary compounds that
possess some aspect of antioxidant activity are carotenoids,
vitamin C (ascorbate), and vitamin E (tocopherols) [12]. The
effects that other vitamins, minerals (zinc, copper, and
selenium), lipids, and carbohydrates have on the overall risk
of developing AMD have also been described. In the following
sections, we present the nutrients and their actions in AMD
and summarize the current knowledge available.
4. Carotenoids and AMD

4.1. Lutein and zeaxanthin

Upon ophthalmoscopic examination, the macula appears as a
yellow spot on the retina. This yellow coloration is due to the
presence of carotenoid pigments, such as lutein and zeaxan-
thin. An increase in the intake of these carotenoids may
modify the overall risk of AMD via the protection of retinal
tissues from photo-oxidative damage. In fact, the macular
pigment contains lutein and zeaxanthin, which protects the
photoreceptor cell layer from light damage by filtering blue
light [11,13].

Some of the dietary sources of lutein and zeaxanthin have
been largely investigated as a protective factor in AMD.
Primary studies have focused on the dietary intake of
carotenoids, which is obtained from vegetables (eg, kale,
spinach, and Brussels sprouts) [11,14], as well as supple-
ments. As expected, however, the dietary contribution of
lutein and zeaxanthin is largely dependent on population
and dietary habits [15]. The first evidence of an association
between the consumption of fruits and vegetables and the
risk of AMD was reported in 1988, with the publication of
data obtained from the first National Health and Nutrition
Examination Survey [16].
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A case-controlled study focusing on the effect of caroten-
oids in AMD was performed by the Eye Disease Case–
Controlled Study Group [17]. Between 1986 and 1990, this
study group enrolled 421 patients with neovascular AMD and
615 controls through amulticenter collaboration that involved
fivemedical centers in the United States. Themeasurement of
serum levels of carotenoids revealed that high levels were
associated with a reduced risk of neovascular AMD. In
particular, the odds ratios for lutein/zeaxanthin, β-carotene,
alpha-carotene, and cryptoxanthin ranged from 0.3 to 0.5 [17].
However, there was no general consistency across outcomes.
Some studies failed to identify a correlation between AMD and
the intake of vegetables, antioxidant vitamins, and/or carot-
enoids; and other studies reported a direct association
between the higher intake of lutein/zeaxanthin from foods
and a reduced likelihood of AMD [13,18,19]. Notably, a large
study of 4519 participants, performed by the Age-Related Eye
Disease Study Research (AREDS) Group, reported a low
likelihood of AMD in people with a high dietary intake of
lutein/zeaxanthin [20].

If the effects of carotenoids on the risk of AMD are not fully
understood, then their role on disease progression is similarly
unclear. In 2007, Robman and colleagues reported that
increased intakes of dietary lutein, zeaxanthin, and omega-3
fatty acids were associated with AMD progression [21].
Subsequently, several studies reported the opposite results
[22]. In particular, a recent study published by Ma et al
reported that the intake of lutein and zeaxanthin supple-
ments in patients with early AMD could improve the macular
pigment optical density (MPOD) and visual function [23].
Moreover, a recent PIMAVOSA (PIgment MAculaire chez le
VOlontaire SAin [macular pigment in the healthy volunteer])
study reported a significant correlation between MPOD and
the plasma levels of lutein and zeaxanthin (r = 0.35, P < .001,
and r = 0.30, P < .005, respectively) [24]. Also, in a large meta-
analysis published by Ma et al [25], it was revealed that a high
dietary intake of lutein and zeaxanthin was useful in reducing
the risk of late AMD, with no effect on early AMD.

Furthermore, cigarette smoking, a well-known risk factor
for AMD, was associated with a reduction in the serum levels
of carotenoids, [15,26] and when combined with a low dietary
intake of carotenoids, is a confirmed risk factor for AMD.
However, despite this evidence, the interplay between smok-
ing and carotenoid levels on the modification of individual
risk has yet to be elucidated.

Conversely, it is well known that there is a direct
correlation between low serum carotenoid levels and inflam-
mation and obesity [27,28]. Carotenoids are transported by
low-density lipoproteins and high-density lipoproteins, sug-
gesting that the lipid profile may influence the transport and
delivery of these carotenoids to the retina with a consequen-
tial effect on macular pigment [29]. Many authors have
considered the MPOD as a marker of eye health, and there is
some evidence that carotenoid supplementation might im-
prove this marker [30].

From a genetic perspective, there are no confirmed in-
teractions between known associated gene…tic variants of
AMD development and carotenoid levels. Seddon et al found
no significant interactions between lutein and the polymor-
phism rs1410996 in the LIPC gene [31]. Subsequently, Ho et al
reported an interaction between the CFH Y402H genotype and
lutein/zeaxanthin, as well as with zinc, β-carotene, and
docosahexaenoic acid (DHA)/eicosapentaenoic acid (EPA).
These authors reported a significant interaction between
very common genetic variants (CFH Y402H and ARMS2 A69S)
and dietary antioxidant intake in AMD [32]. However, no other
studies have replicated these data. Further analyses investi-
gating the interaction between nutritional habits and genetic
susceptibility in AMD are required prior to the routine
application of lutein/zeaxanthin in AMD treatment.

4.2. β-Carotene

β-Carotene is a carotenoid with vitamin A activity and often
referred to as a provitamin A since, after absorption, it is
cleaved by specific enzymes and contributes to the supply of
vitamin A in humans. Because of its antioxidative properties,
β-carotene has been included in multivitamin supplements,
although its role in the prevention of AMD has yet to be
confirmed [12,20,33]. Subsequently, it is reported that there is
an increased risk for the development of AMD in individuals
with a high dietary intake of β-carotene [34,35]. Moreover,
several adverse effects of supplementation with β-carotene
have been described, in particular an increase in the likelihood
of developing lung cancer. Although some studies have
reported no association [36], 2 large trials investigated the
effect of dietary supplementation on the risk of lung cancer
and found a direct relationship. In the CARET (beta-CArotene
and Retinol Efficacy Trial) study, the combination of β-
carotene and retinol (vitamin A) increased the risk of lung
cancer and cardiovascular events [37]; while in the ATBC
(Alpha-Tocopherol Beta-Carotene) trial, this risk was in-
creased by 16% after 6 years [38]. Taken together, this evidence
discourages the use of β-carotene in the prevention of AMD
due to the potential side effects and poor efficacy in reducing
the risk of AMD [35].
5. Vitamins and AMD

5.1. Vitamin A

Vitamin A plays several roles in the human body and is closely
related to carotenoids, which are by-products of vitamin A.
Data from the National Health and Nutrition Examination
Survey, reported by Goldberg et al, showed a negative
association between the frequency of fruit and vegetables
rich in vitamin A consumed and the prevalence of AMD [16].
However, several subsequent studies and a large meta-
analysis failed to confirm this association [20,22,39,40], and
unexpectedly, one report even suggested an increased risk in
the development of late AMD in participantswho took vitamin
A [41]. With these conflicting results, more research is needed
regarding the association between vitamin A and AMD.

5.2. Vitamin E

Vitamin E consists of several antioxidants; however, alpha-
tocopherol is the only form largely present in blood and tissue.
alpha-Tocopherol is the formof vitamin E that is preferentially
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absorbed and accumulated and is found in vegetable oils, nuts,
whole grains, and green leafy vegetables [42]. Side effects of
vitamin E supplementation include a potential antiplatelet
anticoagulant effect, which is an antagonizing effect of fat-
soluble vitamins, and heart failure in patients with pre-
existing vascular disease and diabetes. Furthermore, vitamin
Emight increase the risk of developing prostate cancer [43,44].

Although there was no association found between vitamin
E and AMD in the Eye Disease Case-Control Study [17], in the
POLA (Pathologies Oculaires Liées à l’Age) study by Delcourt et
al, a reduction in the risk of late AMD in individuals with
enhanced plasma levels of alpha-tocopherol was demonstrat-
ed [39]. Several studies report a weak or non-existent
association between alpha-tocopherol levels/vitamin E sup-
plements and the risk of AMD [33,45]. The results from the
AREDS report no. 22 demonstrated an association between the
high intake of β-carotene and vitamins C and E, as well as a
reduced likelihood of neovascular AMD [20]. A meta-analysis
published by Chong et al of randomized controlled trials
reported an odds ratio of 0.75, which was obtained by pooling
the results from two studies: the Rotterdam eye study [46] and
the Beaver Dam eye study [40,47]. The results from subse-
quent meta-analyses performed by Chong et al [40] and by
Evans and Lawrenson [35] did not support a specific role for
vitamin E in the prevention of AMD. To explain the
discordant data of dietary vitamin E compared with the
supplements, Evans and Lawrenson concluded that dietary
vitamin E might be a marker for other nutrients with a role in
the susceptibility of AMD [35]. In fact, plasma alpha-
tocopherol levels are related to carotenoids and vitamin C
intake [48], supporting the theory by Evans and Lawrenson
regarding the varying data.

5.3. Vitamin C

Vitamin C (ascorbate) is an effective antioxidant that protects
proteins, lipids, carbohydrates, and nucleic acids from free
radicals and ROS damage. However, no significant association
between vitamin C intake and AMD was observed in the Eye
Disease Case-Control Study Group or in the POLA study
[17,39]. The lack of effect that vitamin C had on primary
prevention of AMD was further supported by a Cochrane
analysis conducted by Evans and Lawrenson [35]. Neverthe-
less, SanGiovanni et al reported a reduced likelihood of
neovascular AMD in subjects reporting high intakes of β-
carotene and vitamins C and E [20]. In the meta-analysis
performed by Chong et al, the pooled odds ratio of vitamin C
supplements was 1.11 (95% CI, 0.84-1.46), in reference to early
AMD [40]. Further research is needed to draw any definite
conclusions regarding vitamin C and AMD.

5.4. Vitamin D

The specific effect that vitaminDhas onAMDwas investigated
because of the anti-inflammatory properties found in vitamin
D. The results from the National Health and Nutrition
Examination Survey study showed an association between
the plasma levels of vitamin D and early AMD, with no
association reported for advancedAMD [49]. In 2011, Seddon et
al reported that a higher dietary intake of vitamin D was
associated with less severe AMD and a smaller drusen size,
when analyzingmonozygotic twins with discordant AMD [50].
More recently, Miller et al reported a protective role of high
serum 25-hydroxyvitamin D (25(OH)D) concentrations against
early AMD, among females participating in the CAREDS
(Carotenoids in Age-Related Eye Disease Study) trial [51].
Taken together, these results suggest that further evidence is
required to fully dissect the role of vitamin D in AMD.

5.5. B vitamins

The B vitamins are a group of vitamins that play important
roles in cell metabolism. The dietary intake of folic acid,
vitamin B6, and vitamin B12 can modify homocysteine levels.
Hyperhomocysteinemia is a risk factor for several vascular
diseases (atherosclerosis, coronary heart disease, venous
thromboembolism, and retinal vascular occlusive disease).
Kamburoglu et al reported an association between homocys-
teine levels and AMD. Patients with either dry or exudative
AMD presented with high plasma homocysteine. In addition,
plasma vitamin B12was lower in patientswith exudativeAMD,
comparedwith controls and patients with dry AMD [52]. In the
Blue Mountains Eye study, a comparison between homocys-
teine, vitamin B12, and folate levels showed an association
between serum homocysteine (>15 μmol/L) and an increased
likelihood of AMD. Moreover, a similar association was
described for low levels of vitamin B12. However, no associa-
tion was found for folate levels [53]. More recently, a
randomized trial of 5442 females revealed a decreased risk of
AMD in participants who took daily supplements of folic acid
(vitamin B9), pyridoxine (vitamin B6), and cyanocobalamin
(vitamin B12) [54]. As with the previously discussed vitamin
groups, more research is needed prior to drawing any
conclusions regarding the efficacy of using B vitamins to
prevent or treat AMD.
6. Mineral supplements and AMD

6.1. Zinc

Zinc is a trace element that is essential for the human body, in
which its antioxidative functions act as a cofactor for
superoxide dismutase and catalase. Zinc is stored and
transferred in metallothioneins. High zinc intake (>50 mg/
day) can induce copper deficiency. In fact, metallothioneins,
which bind to zinc, have a strong affinity for copper; where
high levels of metallothioneins, induced by zinc excess, may
cause a decrease in intestinal copper absorption. Similarly,
copper intake can affect the zinc nutritional status [42], and
zinc supplementationmight even affect cysteine levels [55,56].

The first evidence of the role of zinc supplementation in
AMD was published in 1988. In this prospective trial of 151
patients, it showed that the likelihood of vision loss was lower
in the zinc-treated group when compared with the placebo
group, after a follow-up evaluation of 12 to 24 months [57].
Subsequently, the results of several studies disputed the role
of zinc in AMD susceptibility [58]. However, results from the
Beaver Dam Eye Study confirmed a weak protective effect of
zinc on some forms of AMD [45], with no overall association
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with early AMD [47]. Subsequently, Klein et al reported a weak
association between late AMD and the incidental use of
vitamins A, C, and E and zinc [41].

Furthermore, a prospective study performed by Cho et al
failed to identify an association between zinc intake (food or
supplements) andAMDrisk [59]. Interestingly, different results
were provided by the Blue Mountains Eye Study. In fact, in one
of the initial reports, Flood et al described a lack of an
association between dietary zinc and the risk of early AMD
[60]; similarly no association was reported for zinc supple-
ments [61]. Subsequently, after a long-term (up to 10 years)
follow-up evaluation of participants in the BlueMountains Eye
Study, Tan et al described a protective effect of zinc against
AMD (any AMD, relative risk [RR] 0.56; early AMD, RR 0.54) [34].

In 2005, van Leeuwen reported that the combined dietary
intake of beta carotene, vitamins C and E, and zinc was
associated with a reduced risk of AMD [46]. The effect and
tolerance of zinc supplementation was also investigated
[62,63], and it appeared to improve macular function in
patients with dry AMD [63]. The beneficial effect of zinc
supplements was also reported in a recent analysis conducted
by Beatty et al in a trial that focused on carotenoids with
coantioxidants in age-relatedmaculopathy. Patients who took
supplementation with lutein, zeaxanthin, vitamin C, vitamin
E, copper, and zinc demonstrated a slower progression and
enhanced visual acuity compared with the placebo group [64].
In summary, taking into consideration the studies cited above
even with the varying results regarding the benefit of zinc on
AMD, many studies appear to support the value of zinc
supplementation overall.

6.2. Copper

Copper is an essential trace elementwith the specific ability to
easily accept and donate electrons; thus, it plays an important
role in oxido-reduction and the scavenging of free radicals
[42]. Copper was added to the AREDS formulation due to its
strong link with zinc levels; high levels of zinc intake may
cause copper deficiency anemia [13]. The involvement of
copper in AMD was first proposed by Newsome but was never
definitively confirmed [57,65]. Thus, further studies are
required to determine the putative effect of copper on the
pathogenesis, susceptibility, and progression of AMD.

6.3. Selenium

Selenium is a trace element that is found in several enzymes
in humans and has a well-recognized antioxidative function
[66]. In the past years, several studies have focused on the
effect of selenium in AMD; however, these results have not
been convincing [17,67]. Therefore, due to the lack of recent
large studies, the role of selenium and its enzymes in AMD
susceptibility remains unclear [35].
7. Antioxidant combinations and AMD

The AREDS trial introduced treatment with oral supplements
to prevent the onset or progression of AMD. Supplements in
the AREDS formula include vitamins A, C, and E, and zinc, for
their antioxidative effects. The dosage of AREDS supplements
was higher than the recommended Dietary Reference Intake.
Although AREDS and AREDS-like supplements appear to
protect against AMD, several potential risks of oral supple-
mentation have been described (eg, vitamin C and kidney
stones; vitamin E and fatigue, muscle weakness, decreased
thyroid function, and increased hemorrhagic stroke risk; β-
carotene and increased lung cancer risk in smokers and
yellow discoloration of skin; and zinc with anemia, decreased
serum high-density lipoprotein cholesterol, and stomach
upset) [68]. The results from the Rotterdam Study have
provided evidence that a high dietary intake of select
antioxidant nutrients substantially reduces the risk of AMD
[46]. However, a recent review published by Evans and
Lawrenson in the Cochrane Collaboration provided evidence
that such nutrients had no effect in reducing the risk of AMD.
8. Dietary fats and carbohydrates in AMD

Several studies have attempted to elucidate the effect of
different dietary habits on susceptibility to AMD. In particular,
several efforts have been made in defining the relationship
between dietary fat intake and the risk of AMD. Fats
consumed from the diet can be classified as either unsaturat-
ed fatty acids or saturated fatty acids.

8.1. Omega-3 and omega-6 PUFA

One of the first fats investigated in AMD were the long-chain
omega-3 PUFA (n-3 PUFA) due to their involvement in coronary
heart disease and other types of degenerative retinal diseases
[69]. The n-3 PUFA primarily investigated in AMD includes
alpha-linolenic acid, DHA, and EPA. The omega-6 PUFA (n-6
PUFA) which includes linoleic acid and arachidonic acid.

In a large prospective study published by Cho et al, a
positive association between dietary fat intake and AMD was
reported. The study included 42,743 females and 29,746 males
who were followed for 10 to 12 years; 567 of the subjects
developed AMD. The amount of dietary fat intake was
assessed using a food-frequency questionnaire. Statistical
analyses revealed an increased risk of AMD in subjects with a
high dietary fat intake. Foods that mainly contributed to the
risk of AMD were beef, pork, and lamb; in particular, total fat
and α-linolenic acid were risk factors. In contrast, DHA intake
showed a modest inverse correlation with AMD risk, confirm-
ing the previously reported beneficial actions of fish intake
[70]. In the same year, conflicting results were reported.
Heuberger et al found no association between dietary fat
intake and AMD [71], while Seddon et al confirmed the role of
several factors as risk factors [72] by evaluating the effect of
the total and subtypes of fat on AMD. Moreover, Seddon et al
confirmed the protective role of n-3 PUFA, as well as the
enhanced risk of AMD, in individuals with high levels of MUFA
and PUFA. Interestingly, the beneficial effect of omega-3 fatty
acids and fish intake was diminished in subjects with high
levels of linoleic acid intake (an omega-6 fatty acid) [73].

Although some studies failed to confirm the association
between fat intake and AMD [71], other studies have found a
significant association between dietary fat intake and disease
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[33,73–75]. In particular, the AREDS study confirmed the
protective effect of dietary total n-3 PUFA intake in neovas-
cular AMD [73] and central geographic atrophy [75]. Further-
more, Sangiovanni et al confirmed the inverse association
between dietary DHA intake and fish consumption and the
risk of neovascular disease. Conversely, dietary arachidonic
acid intake was directly associated with neovascular AMD
prevalence [73]. The results from the Blue Mountain Eye Study
confirmed these associations, providing further evidence of
the protective role of fish, n-3 PUFA, and a low intake of foods
rich in linoleic acid [34]. Taken together, these supporting data
motivated further studies to investigate the effects of specific
fat supplements on AMD. Johnson et al reported a positive
relationship between DHA supplementation and an increase
in MPOD, after 4 months of treatment [30].

Subsequently, Parekh et al reported results from the
Carotenoids in Age-Related Eye Disease Study (CAREDS) [76].
N-6 PUFA intake was reported as being directly associated
with intermediate AMD signs. Parekh and colleagues found no
association between n-3 PUFA and AMD. Moreover, in the
sample analyzed by Parekh et al, a high correlation between
the intake of n-3 PUFA and n-6 PUFA was found (r = 0.8).
Similarly, a PIMAVOSA study reported an association between
high plasma levels of total n-3 PUFA and high MPOD (r = 0.22,
P < .05); however, the mechanisms through which n-3 PUFA
correlate with MPOD remain to be elucidated. Nevertheless,
several hypotheses have been made, such as; the PUFA may
modulate the gastrointestinal uptake of lutein and zeaxan-
thin, their transport by lipoproteins, or their concentration in
the macular area [24].

Prospective studies have also demonstrated that high
intake of total fat can be a risk factor for progression to
advancedAMD (ie, geographic atrophy or neovascular disease)
among patients with early or intermediate disease. Similarly,
higher fish intake was associated with a lower risk of AMD
progression among patients with lower linoleic acid intake
[77]. A subsequent study performed on the AREDS population
showed a protective effect of DHA and EPA in the progression
to advanced AMD. Moreover, consuming a diet rich in DHA
protects against the progression of early AMD, particularly
among subjects not taking AREDS supplements [78].

Several reviews have attempted to elucidate the role of n-3
PUFA in the susceptibility and progression of AMD. However,
no significant evidence was provided in these studies [79–81].
A recent review of randomized controlled trials concluded
that there was no sufficient evidence to support the role of
increasing levels of dietary n-3 PUFA to prevent or slow the
progression of AMD [82]. Given these results, both n-3 PUFA
and n-6 PUFA need further studies to determine the impact
that these PUFA have on AMD.

8.2. The MUFA

High dietary intake of SFA, MUFA, and trans unsaturated fatty
acids have been reported to be associated with a marginal
increase in the risk of AMD [69,72,77]. Previous studies have
reported inverse association between MUFA and AMD risk. In
particular, Smith et al reported that a high dietary intake of
MUFA was a risk factor for early AMD [70], and Parekh et al
demonstrated that it was a protective factor for intermediate
AMD [76]. A potential explanation of these contrasting results
was reported by the AREDS study group. Report no. 20
demonstrated that the potential of neovascular AMD was
increased among individuals with the highest intake of
MUFAs, but whenmodeled as a primary independent variable
and other nutrients (DHA, arachidonic acid, and lutein/
zeaxanthin) adjusted for, this association was lost. Similarly,
no significant association was found for SFA or cholesterol
after adjustment for other nutrients [73].

Nevertheless, it appears that a higher intake of MUFA is
associated with the progression of AMD. Similarly, the
association between PUFA and progression of the disease
was similar but not statistically significant [77].

8.3. The SFA

The first evidence of a relationship between SFA and AMDwas
provided by Mares-Perlman et al, who found an increased risk
of early AMD in individuals with the highest intake of SFA and
cholesterol [83]. Subsequently, Smith et al reported only a
borderline significant association between SFA intake and the
risk for early AMD [70]. Similarly, Cho et al described a modest
increase in the risk of AMD for subjects with a high dietary
intake of saturated fats [69]. However, this associationwas not
confirmed in the study reported by Seddon et al in the same
year [72]. Nevertheless, in the AREDS study, Sangiovanni et al
described an increased odds ratio of neovascular AMD among
subjects with the highest intake of saturated fatty acid [73].

Interestingly, results from the CAREDS trial revealed a
correlation between the effects of fat intake and patient age. In
fact, in this study, a high intake of saturated fatty acid was
found to be associatedwith an increased prevalence of AMD in
females younger than 75 years, while an inverse association
was observed in older females [76]. Furthermore, Seddon et al
described an association between a higher intake of SFA and
the progression of AMD [77].

8.4. Cholesterol

Smith et al [70] reported a borderline significant increase in
the risk for late AMD in association with high levels of dietary
cholesterol intake [70], thus confirming results reported by
Mares-Perlman et al [83]. Similarly, the AREDS study described
an increased likelihood of developing AMD with an increased
cholesterol intake [73]. The results for cholesterol, as well as
other lipids, have not yet been confirmed [69].

8.5. Dietary carbohydrates

Several studies have investigated the role of carbohydrates in
AMD risk by calculating the glycemic index. The glycemic
index is a measure of the ability of 50 g of a specific food to
increase blood glucose levels compared to the ability of 50 g of
standard food to increase blood glucose levels [22,84].

Independent data support an effective role of a low dietary
glycemic index in preventing the progression of AMD,
particularly in people at risk for advanced AMD [78,85–87].
Chiu et al described a synergistic effect of AREDS supplements
with a low dietary glycemic index. In particular, individuals at
risk for advanced AMD should consume a low glycemic index
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diet, while those also taking AREDS supplements would
benefit even more [78]. Similarly, a significant synergistic
interaction was described with regard to omega-3 fatty acids
and dietary glycemic index; higher intake of omega-3 fatty
acids (DHA and EPA) and low dietary glycemic index were
associated with an even lower risk for advanced AMD
compared to either of the two dietary factors alone [78]. In
addition, recent studies on murine models also support these
results [22,88].
9. AMD gaps in knowledge and future research

9.1. Gaps in knowledge

Literature analysis revealed that many of the products exert a
protective role against AMD by acting in combination. Several
studies have reported the strong link between serum levels of
nutrients (i.e., alpha-tocopherol levels with carotenoids and
vitamin C). Additionally, the dietary intake of some nutrients
is mutually related due to their simultaneous presence in
food. Furthermore, the dietary intake of supplements, as well
the exposure to environmental damaging factors, is largely
dependent on population habits and geographical localiza-
tion. Case-controlled studies need to optimize samples by
equalizing environmental factors (such as food intake,
lifestyle, and exposure to external factors). The main weak-
ness of studies on nutritional supplements in AMD is the
impossibility to adequately standardize the sample. Many
studies collected data on dietary habits using interviews,
which are affected by the individual’s ability to measure the
food. Moreover, food typically contains more than one
nutrient and so the dosage of single factors may be very
difficult to determine. To determine the effect of single
nutrients on the onset and progression of AMD, it is essential
to analyze these different studies as awhole andminimize the
differences between the samples. By analyzing the literature,
it is evident that, although some dietary supplements can
provide minimal effects on AMD, they do not appear to be
particularly useful in healthy people.

Further efforts have to bemade to standardize the samples
for dietary habits, lifestyle, and environmental exposures
(such as blue light, UV ray, etc). Adequate standardization of
the samples might elucidate the slight effect that nutrients
have on the development and progression of AMD.

For further comprehension of AMD, it will be useful to
investigate the biological effect of nutrients on the patho-
genesis of AMD and how genetic variants can condition the
response to these effects. At the present, a small number of
studies have been performed using dietary and genetic
examination, but with poor results. Further analyses are
necessary to better understand the pathological mechanisms
that underlie AMD pathogenesis and the effect of nutrients
on AMD.

9.2. Future research needs

The diagnosis and treatment of AMD is predominantly
determined by the personal experience of the ophthalmolo-
gist. However, current treatments are potentially dangerous
and involve oncology and are not free of side effects.
Moreover, treatments that are safe (such as nutritional
supplements) appear ineffective. Since the most optimal
treatment for AMD patients still remains distant from clinical
practices, further investigations are required to improve the
existing knowledge. Althoughmany studies have investigated
the beneficial role of micronutrients in the diet, as well as
multivitamin supplements, current knowledge does not
support the clinical use of these supplements in patients
with AMD. On the basis of this review, it is evident that
additional studies are necessary to better elucidate the
specific role of nutrients on the pathological onset and
progression. We expect that the combined analysis of the
nutritional effect of food/supplements and the genetic profile
will increase our knowledge about, and thus ability to analyze,
the entire system. Many differences in the effect of nutrients
could be explained by analyzing the differences in the
biological systems involved. In particular, genetic variants
can provide minimal modification on the cellular pathway.
Thus, taken together, the genetic variants can create a
different target for the nutrients. Future studies should take
into account these aspects, combining nutrient analyses and
genetic profiles in order to determine the different responses
provided from varying genetic backgrounds. In this perspec-
tive, the stratification of patients based on their genetic
profiles could provide relevant explanations of the heteroge-
neity of the effects shown by the majority of the studies. The
standardization of samples for dietary habits, lifestyle,
environmental exposures, and genetic profiles can help to
define the role of nutrients. The adequate standardization of
samples might elucidate the slight effect of nutrients on the
development and progression of AMD.

As stated previously, since few studies have been
performed that combine examinations on diet and genetic
profiles, more research is needed in this area. Knowledge on
the molecular pathways of nutrients, according to the
genetic identity of the patients, will enable the application
of the most optimal treatment for each patient with AMD.
Genetic profiling would likely contribute to our understand-
ing of AMD and potentially provide more effective manage-
ment of the disease, such as the case in HIV [89,90] and HCV
[91,92] infection.
10. Conclusions

AMD is one of the leading causes of blindness in developed
countries. The progression of AMD has social and economic
implications. Due to the burden of this disease, efforts have
been made to identify strategies that can delay the onset or
progression of AMD. Many studies have investigated the
beneficial role of micronutrients in the diet as well as
multivitamin supplements. However, current knowledge
does not support the clinical use of supplements in patients
with AMD. Several reviews have analyzed data obtained from
case-controlled studies and randomized trials and have also
found no evidence of supplements benefiting healthy people
[22,35]. Evans and Lawrenson emphasized the clinical practice
implicationsby stating: “there is no evidence fromrandomized
controlled trials that healthy people should take antioxidant
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vitamin and mineral supplements to prevent or delay the
onset of AMD.” [35].

At present, dietary supplements seem to provide minimal
effects on the onset or progression of AMD, and safety data are
insufficient for the application to the overall population.
Similarly, macronutrients in the diet can minimally affect the
onset and progression of AMD. Thus, further studies are
necessary to better elucidate the specific role of micro- and
macronutrients and to identify a common strategy to prevent
the onset and progression of AMD. In this perspective, the
stratification of patients based on their genetic profiles could
provide relevant explanations regarding the heterogeneity of
the effects observed in the majority of studies. Currently, it
appears that a healthy and balanced diet is the gold standard
for all people [93]. Application of these dietary and lifestyle
improvements has shown major relevance in individuals with
a high risk of AMD, either with or without a family history or
genetic profile. Until further definitive research regarding the
efficacy of nutrient supplementation and AMD is provided
smoking cessation,weight reduction, and a healthydiet appear
to be the best strategies to reduce the risk of developing AMD.
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