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Abstract
Age-related macular degeneration (AMD) is the major cause of irreversible blindness in the elderly and the oxidative stress is considered the main triggering factor 
of this disease. Several laboratory studies, performed in vitro and in vivo, have demonstrated the beneficial effects of non-enzymatic antioxidants on the reduction of 
oxidative stress biomarkers, as well as the increase in the expression of antioxidant enzymes. Such effects have been expected to culminate in the stabilization or cure 
of AMD. Nevertheless, the results obtained from large populational studies are not so consistent and positive as observed in laboratory experiments. Consequently, 
this review aims to approach the role and effects of the main non-enzymatic antioxidants in AMD. The adverse effects regarding the abusive use of antioxidants are 
also discussed.
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Introduction
Age-related macular degeneration (AMD) is the main cause 

of blindness in the elderly. A comprehensive meta-analysis of 39 
population-based studies reported the estimate global number of 
people affected with AMD in 2020 to be 196 million, a number 
predicted to increase to 288 million by 2040 [1]. Although AMD 
mechanism is multifactorial, a common denominator is the redox 
state imbalance. It is known that the retina is a tissue exposed to 
oxidative stress due to its high metabolism, large concentrations of 
polyunsaturated fatty acid content, exposure to visible light (between 
400 - 700 nm) and the presence of photosensitive molecules such as 
rhodopsin and lipofuscin [2]. These conditions favor the permanent 
peroxidation of polyunsaturated lipids in the membrane system of 
retina photoreceptor cells [3]. Conversely, the retina contains various 
detoxification systems, involving endogenous antioxidant compounds 
and enzymes that counteract the oxidative stress. In retinal pigment 
epithelial (RPE) cells, antioxidants are generated to protect the RPE 
cells, as well as photoreceptors and other retinal cells [4,5]. With aging, 
an increase in the reactive oxygen species (ROS) and a reduction in 
the production of antioxidant enzymes are observed, leading to the 
susceptibility of the macula to oxidative alterations [5]. Additionally, 
numerous studies have shown that AMD patients have decreased 
antioxidant concentrations in their plasma, a condition that may also 
contribute to the triggering of the degenerative macular disease [6,7]. 
The excess of ROS causes oxidative damage to the deoxyribonucleic 
acid (DNA), proteins, and lipids, inducing a mitochondrial dysfunction 
and ultimately resulting in lipofuscin accumulation in the RPE cells, 
triggering AMD [8-11]. Despite the evident participation of the redox 
state imbalance on AMD pathogenesis [2], the clinical trials that used 
antioxidants in the prevention or treatment of the disease did not present 
the same positive results obtained in vivo and in vitro studies. As an 
example, we mention the Age-Related Eye Disease Study (AREDS), the 

clinical trial that comprised approximately 5,000 participants that took 
vitamin supplements 5 to 13 times the recommended daily allowance 
(RDA) [12]. Report 8 of this study demonstrated that the use of these 
vitamins could influence positively the progression of the macular 
disease and recommended their consumption to monocular advanced 
or intermediate AMD patients (with bilateral large drusen) [13]. On 
the other hand, AREDS Report 22 affirms that nutrients such as Vitamin 
A, α-Tocopherol and Vitamin C were not independently associated with 
AMD [14]. With the objective to clarify conflicting concepts such as the 
ones reported above, this review discusses the role and performance of the 
main non-enzymatic antioxidants in AMD. The adverse effects regarding 
the abusive use of antioxidants are also discussed.

Methods of literature search
We searched publications in two electronic databases (PUBMED 

and Web of Science) up to September 2021. We used the following 
keywords and their synonyms in various combinations: age-related 
macular degeneration; free radicals; low molecular weight antioxidante; 
antioxidants; dietary supplements (adverse effects).

Antioxidants and AMD
Antioxidants are made up of small organic molecules and large 

enzymes that function synergistically to increase cell defense and 
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counteract ROS and reactive nitrogen species (RNS) [15]. Any 
compound that can inhibit oxidation induced either spontaneously or 
by means of external oxidants is considered to be an antioxidant. This 
is a relatively simple definition but, at times, it becomes very difficult 
to evaluate whether a compound actually has an antioxidant action, 
particularly in vivo [16]. Antioxidants located in both the hydrophilic 
and lipophilic compartments of plasma are actively involved as a 
defense system against ROS, which are continuously generated in the 
body due to both normal metabolism and disease. However, when the 
production of ROS is not controlled, it leads to cellular lipid, protein, 
and DNA damage in biological system. There are active interactions 
among antioxidants located in the hydrophilic (ascorbic acid, uric acid, 
glutathione system, catalase, superoxide dismutase) and lipophilic 
(tocopherols, carotenoids, bilirubin) compartments of plasma [17]. 
The antioxidants may be classified into enzymatic or endogenous, 
constituted by macromolecules, and non-enzymatic, characterized by 
organic molecules relatively smaller and with low molecular weight 
[18-20]. Superoxide dismutase (SOD), glutathione peroxidase (GPx), 
and catalase (CAT) are enzymatic antioxidants, which constitute the 
primary defense against oxidative RPE damage [21]. Conversely, the 
non-enzymatic defense system, is represented by thiol compounds, 
uric acid, and antioxidant compounds from dietary sources such as the 
vitamins, minerals, and the phenolic compounds [22-24]. In this review 
study, we have selected the following antioxidants: thiol compounds, 
uric acid, ascorbic acid (vitamin C), α-tocopherol, β-carotene, lycopene, 
xanthophylls (lutein, zeaxanthin and astaxanthin), melatonin, Q10 
coenzyme, polyphenols and minerals zinc and selenium. It is probable 
that the generally well-nourished population maintains optimal ranges 
of antioxidants through a balanced dietary fruit and vegetable intake. 
However, high doses of a single or limited mixture of antioxidant 
supplements may not affect the already saturated in vivo antioxidant 
network, but rather could result in an imbalance in the antioxidant 
network and could possibly even act as pro-oxidants [16].

Non-enzymatic antioxidants
Thiol

The term thiol or sulfhydryl refers to the functional group "-SH" 
(H: hydrogen and S: sulphur) that has an atom of sulphur instead of 
an atom of oxygen [25], an essential element for amino acids, proteins, 
and other biomolecules [26]. The thiols have a biological relevance 
for being reactive and ubiquitous [26]. Thiol-type compounds are 
extraordinarily efficient antioxidants that protect the cells against 
consequences of damage induced by free radicals, due to their ability 
to react with them latter. These compounds can act as thiol/disulfide 
component of redox buffer, free radical scavengers, and chelators of 
metal ions [27,28]. The intracellular and extracellular states of thiols 
play a critical role in the determination of the protein structure and 
function, regulation of the enzymatic activity and control of the activity 
of transcription factors [29]. The three major thiol/disulfide systems 
are maintained at different redox potentials in cells: Glutathione/
Glutathione disulfide (GSH/GSSG); Cysteine/Cystine (Cys/CySS) 
and thioredoxin-1 (TRX1). Consequently, a model was proposed for 
redox signaling with Cys/CySS, GSH/GSSG, and TRX (-SH)2/(-SS-) as 
three distinct control nodes for redox-dependent pathways [30]. These 
pairs of thiol/disulfide in the plasma are considered reliable markers 
of systemic oxidative stress and antioxidant defense [31-33]. Due to 
this relevance at the systemic level, plasma GSH/GSSG and Cys/CySS 
redox have been quantified [34,35]. Studies have demonstrated that 
metabolites of plasma thiol GSH and Cys become more oxidated with 
age [36,37], oxidative stress [38,39], and age-related diseases [34,36,40]. 

Reactive oxygen species generated by retinal exposure to acute 
excessive light are mediated by SOD, GSH, and the thioredoxin (TRX)/
thioredoxin reductase (TRXR) defense system [41-43]. Consequently, 
the connection between thiol levels and AMD have been under analysis. 
In the AREDS trial, the subjects who received the combined antioxidant 
supplement did not have significant Cys/CySS oxidation over time, 
while those who did not take the supplement were oxidized over time. 
Similar data were obtained for GSH/GSSG. Together with the data on 
oxidation after chemotherapy and in smokers, the results support the 
interpretation that the plasma redox states of GSH/GSSG and Cys/
CySS provide useful measures of oxidative stress in vivo in humans [44]. 
Another study revealed a significant decrease in the plasma total thiol 
(TT) of AMD subjects in relation to control group [45]. Similar results 
were reported in other studies in which AMD patients had significantly 
lower levels of TT and native thiol (NT) compared to healthy controls 
[46,47]. One other study showed that NT was significantly lower in 
patients with AMD than in healthy individuals. However, there was 
no statistic difference among the groups regarding the TT status [48]. 
Consequently, it is worth point out the importance of the following 
thiols in AMD: GSH, cysteine, thioredoxin-1, homocysteine (Hcy) 
[34,41,44,45], considering that the glutathione system and the TRX 
system constitute the major thiol reducing systems [49].

Glutathione: The L-y-glutamyl-L-cysteinylglycin (reduced 
glutathione; GSH) is mainly present in its reduced form and may be 
converted into the oxidative form (GSSG) by glutathione peroxidase 
(GPx). Oxidaze glutathione (GSSG) may be reverted into its reduced 
form (GSH) by the glutathione reductase (GR) [50]. It is known 
that GSH, the major endogenous antioxidant, acts primarily in the 
cytoplasm and mitochondria. In healthy cells, GSH protects cells against 
oxidative injury. GSH is mainly produced in cytosol and is carried 
from the cytosol to mitochondria using specific glutathione carriers. 
Consequently, the increase in the GSH levels in the cytosol represents 
a useful way to increase protection against the oxidative stress for 
cytosolic and mitochondrial damage [51]. The efficiency of GSH redox 
system declines with age [52], contributing to the development and/
or progression of age-related toxicities and diseases [52-54], including 
AMD [55-57]. Experimental studies showed that GSH is released from 
tissues into the plasma [58], and during oxidative stress, GSSG is also 
released [59]. Release of both GSH and GSSG varies as a function of 
tissue concentration indicating that plasma measurements could 
provide an index of tissue oxidative stress [60]. A deficiency of GSH or a 
major change in the GSH/GSSG ratio renders cells or cellular organelles 
vulnerable to stress-induced damage. Therefore, its deficiency would 
result in tissue injury, associated with the triggering and/or progression 
of several neurodegenerative diseases, autoimmune diseases, and 
ocular disorders, such as AMD, glaucoma, Leber’s Hereditary Optic 
Neuropathy, and diabetic retinopathy [61-66]. In AMD, studies 
have shown a significant reduction of plasma GSH compared to the 
control group [45,67-69]. Another study reported a significantly 
lower plasma GSH in older individuals affected by AMD, diabetes, 
and controls (elderly with no diabetes or AMD) than in younger 
individuals. Estimates of redox potential indicated that the plasma 
GSH pool is considerably more oxidized in all older groups [34]. It is 
also important to highlight that data of gene and protein expression 
identify GSH as one of the most prominent antioxidants in these 
structures [70-71]. Hence, the presence of the GSH antioxidant system, 
including the enzymes involved in GSH metabolism and regeneration, 
has been documented in retinal cells, such as photoreceptor outer 
segments, Müller glial cells, RPE cells, and retinal astrocytes [66,72-
76]. Corroborating these studies, it has been demonstrated that GSH 
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depletion induced in human RPE (ARPE-19) cells caused ferroptosis, 
autophagy, and stress-induced premature senescence (SIPS) [77]. RPE 
from αB crystalline mice (- / -) and ARPE-19 cells transfected with αB 
crystalline siRNA were subjected to endoplasmic reticulum (ER) stress 
induced by tunicamycin. The resulting cell death was associated with 
increased levels of ROS, depletion of glutathione in the mitochondria, 
decreased of superoxide dismutase activity, increased release of 
cytochrome c and activation of caspases 3 and 4 [78].

Due to their potential to delay the onset of AMD or slow its 
evolution, several molecules have been tested to increase GSH 
expression in RPE cells or in the serum. L-carnitine is synthesized from 
lysine and methionine and plays a crucial role in fat metabolism by 
transporting long-chain fatty acids to produce energy via β-oxidation 
and oxidative phosphorylation [79]. GSH plasma level increase was 
associated to L-carnitine supplementation (for 3 month) in AMD 
patients [80]. Experimentally, L-carnitine elevated GSH level in 
RPE cells (from human donor eyes) treated with hydrogen peroxide 
(H2O2) [81]. It was shown that GSH depletion-dependent cell death 
may be prevented by selective inhibitors of ferroptosis, iron chelator 
deferoxamine (DFO), as well as autophagic inhibitors with lysosomal 
inhibitor bafilomycin A1 (Baf-A1) (75 nM) and 3-MA (10 mM) (77). 
The ester derivatives of N-acetylcysteine, N-acetylcysteine methyl ester, 
N-acetylcysteine ethyl ester (NACET), N-acetylcysteine propyl ester, 
and N-acetylcysteine butyl ester caused an increase of GSH in ARPE-
19 cells treated with hydroquinone (HQ) [51,82]. The pretreatment 
of ARPE-19 cells with NACET, induced an oxidative stress resistance 
and increased the intracellular GSH pool available to act as natural 
antioxidant defense. Moreover, the ability of NACET to increase GSH 
levels in rats' eyes after oral administration was demonstrated [83] The 
ARPE-19 cells co-exposed to tauroursodeoxycholic acid (TUDCA), 
a taurine-conjugated bile acid, had higher cell viability and lower 
cell death rate compared to cells exposed to H2O2 alone. TUDCA 
significantly increased antioxidant capacity in H2O2-treated RPE cells 
by decreasing the generation of ROS and malondialdehyde (MDA), 
upregulating the expression of antioxidant genes, and increasing 
the generation of GSH [84]. Madecassoside (MADE), a bioactive 
triterpenoid saponin isolated from Centella Asiatic, protected ARPE-19 
cells against hydrogen peroxide-induced oxidative stress and apoptosis 
through the activation of nuclear factor-E2-related factor 2/Heme 
oxygenase 1 (NrF2/HO-1) pathway, inducing an increase of the GSH 
level [85]. This increase in ARPE- 19 cells undergoing oxidative stress 
was also observed with exendin-4 (EX4) (a glucagon-like peptide-1 
receptor agonist) [86], thymoquinone (TQ) (an active component 
derived from Nigella sativa) [87], aloperine (a quinolizidine alkaloid) 
[88], phillyrin (obtained from an extract of the dried fruit of Forsythia 
suspensa) [89], curcumin [90], astaxanthin [91], ferulic acid (FA) (a 
natural polyphenol antioxidant) [92], among other antioxidants. 

Cysteine: Cysteine (Cys) plays an important role in the GSH 
two-step biosynthesis. First, L-cysteine and glutamate combine in 
the presence of γ-glutamylcysteine synthetase to produce a dipeptide 
and then it is converted into GSH with glycine in the presence of 
glutathione synthetase [93]. Oxidative stress biomarkers determined in 
plasma from 77 AMD patients and 75 controls revealed a relationship 
between a plasma oxidative stress biomarker, Cys and CySS genotype 
[94]. It is important to emphasize that an L-cysteine has high 
hydrophilicity, thus justifying a lower accumulation in the RPE cells 
when administered exogenously. Therefore, with a view to making Cys a 
preventive and/or therapeutic possibility the use of a lipophilic prodrug 
approach should be considered. It has been shown that lipophilic small 
molecule drugs enhance RPE permeability better than hydrophilic 

small molecule drugs [95-97]. The N-acetyl-L-cysteine (a prodrug of 
L-cysteine) (NAC) is a potent antioxidant as the bioavailability of the 
parent drug, L-cysteine [98-99]. NAC controls the redox state in the 
cells by reducing free radicals directly through its scavenging activity, 
and it reduces oxidized proteins through its thiol-disulfide exchange 
activity [100-102]. NAC has proven to be an efficient antioxidant for 
eye-related diseases in rats and humans [103-105]. NAC protective 
effect in mice [57], as well as its intravitreal administration have been 
documented to protect light-induced retinal degeneration [106]. The 
pre-treatment with NAC protected RPE cells from oxidation-induced 
mitochondrial dysfunction [107]. NAC has been effective in protecting 
the retina from oxidative damage when applied topically to the eye, 
as shown in rd10+/+ mice, a model of retinitis pigmentosa. These 
results have important implications for AMD because the authors 
showed that when applied to the cornea, NAC was able to penetrate 
the posterior segment and protect the retina [108]. In NAC-treated 
mice with laser-induced lesions, 4-hydroxynonenal (4-HNE)-modified 
protein induction and nuclear factor-κB (NF-kB) activation in nuclear 
extracts were markedly suppressed compared to vehicle-treated mice. 
The recruitment of macrophages and neutrophils was inhibited and 
the levels of monocyte chemoattractant protein-1 (MCP-1), C-X-C 
Motif Chemokine Ligand 1 (CXCL1), vascular endothelial growth 
factor (VEGF) and VEGFR-1 were also lower in NAC-treated mice 
compared to vehicle-treated ones. Furthermore, the extent of induced 
choroidal neovascularization (CNV) was significantly less in NAC-
treated mice compared to vehicle-treated mice [109]. Both, NAC 
and N-acetylcysteine amide (NACA) [110-112], have been used with 
ARPE-19 cells to show protection against oxidative damage. An 
experiment showed that the four derivates of N-acetylcysteine ester, 
N-Acetylcysteine methyl ester, NACET, N-Acetylcysteine propyl 
ester, and N-acetylcysteine butyl ester, provide cell and mitochondrial 
protection against oxidation damage in ARPE-19 cells in comparison 
with NAC. This study concluded that the cysteine ester prodrugs are 
more effective in protecting ARPE-19 cells from oxidative stress than 
the commercially available antioxidants [51]. Corroborating this study, 
NACET has shown to increase viability in the RPE cells undergoing 
oxidative stress more effectively than NAC, due to its direct and faster 
capacity to act with oxidative agents, increasing the pool of intracellular 
GSH [83]. Other studies have demonstrated the increase in cellular 
GSH levels through the conversion to NAC and then to L-cysteine 
using NACET [98-99]

The Cys/CySS redox couple quantitatively represents the largest 
pool of low-molecular- weight thiols and disulfides in plasma [31]. It 
has been reported that Cys / CySS oxidation stimulates the adhesion 
of monocytes to vascular endothelial cells through up-regulation of 
various adhesion molecules via an NF-kB-dependent pathway [113]. 
It has been shown that in more oxidized Cys / CySS environments, 
cultured ARPE-19 cells are more susceptible to oxidant-induced 
apoptosis [114]. 

NAC is available as both an Food and Drug Administration 
(FDA)-approved prescription drug and an over-the-counter dietary 
supplement, thereby facilitating its clinical use. It also has a long history of 
successful use in multiple conditions where elevated ROS induce pathology. 
Currently, NAC is approved for oral and intravenous administration in the 
treatment of acetaminophen overdose [100,115-116].

With these positive effects, it is important to determine the 
substances that induce the increase of plasma cysteine, as for example, 
the increased oral intake of zinc to modulate the plasma CySS 
concentration [117]. Corroborating this study, the pilot interventional 
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study shows that a 5-day course of antioxidant and zinc supplements 
can modify plasma levels of CySS, suggesting that this oxidative stress 
biomarker could help predict how likely an individual is to benefit from 
AREDS supplementation. Further, CySS may be useful for the evaluation 
of new AMD therapies, particularly those hypothesized to affect redox 
status [118]. S-allyl L-cysteine (SAC), a bioactive component from 
aged garlic extracts, can effectively attenuate hydroquinone-induced 
oxidative damage in ARPE-19 cells, showing that SAC modulates 
oxidative stress-induced RPE apoptosis, and thereby potentially offers 
new insights for AMD treatment [119].

It is known that the bioavailability and stability of NAC are limited 
due to its hydrophobicity and free sulfhydryl group, which can be easily 
oxidized. The half-life of NACs after oral or intravenous administration 
is approximately six hours [120]. This short half-life suggests that, to 
obtain a better effect on AMD, NAC must be used more frequently and 
in the form of nanoparticles [121-122]. 

Thioredoxin: The TRX system is a ubiquitous thiol-reducing 
system that includes proteins, TRX-interacting protein (TXNIP), 
TRXR, and nicotinamide adenine dinucleotide phosphate (NADPH). 
TRX is a small protein with two redox-active cysteine residues in an 
active center (Cys-Gly-Pro-Cys-), which is present in many different 
prokaryotes and eukaryotes and appears to be present in all living 
cells [49,123]. Oxidized TRX is reduced by TRXR in the presence of 
NADPH [124]. TRX expression is induced by a variety of forms of 
stress, including virus infection, mitogens, phorbol myristate acetate 
(PMA), X-ray and ultra-violet irradiation, hydrogen peroxide, and 
ischemic reperfusion [124,125]. Two classical TRX isoforms, including 
TRX1 in the cytosol/nucleus and TRX2 in mitochondria, are both 
essential, and inactivating mutations in TRX genes are embryonically 
lethal [126]. TRX maintains the function of metabolic enzymes whose 
catalytic activity depends on the presence of disulfide bonds. TRX 
proteins, TRX1 and TRX2, protect cells by scavenging intracellular 
ROS [123]. TRX activity and expression are negatively regulated by 
TXNIP [127]. The inhibition of TRXs by TXNIP leads to an increase 
in oxidative stress and to an increase in NF-kB expression [128]. In 
RPE cells, as well as in photoreceptors and other retinal cells, the 
TRX system combines with antioxidants such as the SOD and GSH 
for detoxification of ROS [4,41,42,129]. Expression of TRX1 was 
observed in cytoplasm of ARPE-19 cells, whereas expression of TRX2 
was identified in the mitochondria [130]. Overexpression of TRX 
protects cells from cytotoxicity, elicited by oxidative stress in both in 
vitro and in vivo models [131-132]. This protective effect was observed 
in the mitochondria of RPE cells upon oxidative stress, including 
acute light-induced injury [42,133]. The multi-functional compounds 
containing functional groups, which can independently chelate redox 
metals and quench free radicals, such as 4-(5-hydroxypyrimidin-2-
yl)-N,N-dimethyl-3,5-dioxopiperazine-1-sulfonamide (compound 4) 
and 4-(5-hydroxy-4,6-dimethoxypyrimidin-2-yl)-N,N-dimethyl-3,5-
dioxopiperazine-1-sulfonamide (compound 8), reduced the oxidative 
insult in 2-week dark adapted Wistar rats exposed to 1000 lx of light for 
3 hours. In this study, the intense light exposure induced the expression 
of both TRX and TRXR in the neural retina of untreated rats, confirming 
the protective effect of the TRX system [133]. Another study showed 
that TRX2 is more effective in improving the survival of cells exposed 
to 4-HNE than TRX1, and when TRXs are overexpressed, there is a 
reduction in the accumulation of perinuclear NF-kB, characterizing 
TRXs as potent antioxidant proteins of RPE cells [130]. Hence, the 
substances that can increase TRXs levels in RPE have become relevant. 
The pretreatment of curcumin on retina-derived cell lines (661W and 

ARPE-19), protected these cells from H2O2-induced cell death by 
up-regulating cellular protective enzymes, such as HO-1 and TRX 
[134]. The geranylgeranylacetone (GGA), an acyclic polyisoprenoid, 
promoted cytoprotective effects against retinal photooxidative damage 
by means of induction of TRX and heat shock protein 72 (Hsp72), 
predominantly in the RPE. Light-induced upregulations of 8-hydroxy-
2-deoxyguanosine and 4-HNE-modified protein, markers of oxidative 
stress, were inhibited by GGA pretreatment. It has been concluded 
that TRX is a neurotrophic factor released from RPE cells and plays 
a crucial role in maintaining photoreceptor cell integrity [129]. The 
17β-estradiol (βE2) exerted antioxidative effects following light-
induced retinal degeneration. βE2 up-regulated NrF2, which triggered 
phase-2 antioxidant enzyme expression (SOD 1 and 2, catalase, 
glutaredoxins 1 and 2, and thioredoxins 1 and 2), reduced ROS 
production, and ameliorated retinal damage [135]. Hydroxytyrosol 
(the major antioxidant polyphenol in olives) treatment simultaneously 
protected against acrolein-induced inhibition of NrF2 and peroxisome 
proliferator-activated receptor coactivator 1 alpha (PPARGC1α) in 
ARPE-19 cells. The activation of NrF2 led to activation of phase II 
detoxifying enzymes, including γ-glutamyl-cysteinyl-ligase, NADPH-
quinone-oxidoreductase 1 (NQO1), HO-1, SOD, peroxiredoxin and 
TRX as well as other antioxidant enzymes, while the activation of 
PPARGC1α led to increased protein expression of mitochondrial 
transcription factor A, uncoupling protein 2 and mitochondrial 
complexes [136]. Intraperitoneal and oral administration of 
sulforaphane (SF), a naturally occurring antioxidant (found as a 
precursor of glucosinolate in broccoli), has increased the expression of 
TRX in retinal tissue and upregulated genes with cytoprotective effects 
against light-induced damage to photoreceptors and RPE in mice 
[136-138] It was shown that systemic administration of SF could delay 
photoreceptor degeneration by inducing the activity of extracellular-
signal-regulated protein kinases (ERKs) and up-regulating TRX/
TRXR/NrF2 system in the retinas of tub/tub mice [139]. SF increased 
the ability of RPE 19 cell against oxidative stress through up-regulating 
translation of TRX1 and the nuclear translocation of NrF2, and down-
regulating inflammatory mediators and chemokines [140].

Uric acid

Uric acid, a naturally occurring antioxidant, is the end-product of 
purine metabolism, and it has been proposed to be an important plasma 
antioxidant [141]. There is growing evidence that urate, a product of uric 
acid, is beneficial against ONOO- (peroxynitrite) mediated damage and 
contributes to the total antioxidant defense pool in vivo [142-144]. Uric 
acid eliminates hydroxyl (OH •), and superoxide radicals (O2 • ̄ ), as well 
as inhibits DNA and lipid oxidation in cell membranes. The capacity 
of the uric acid to prevent oxidation of the biological components by 
reactive species defines its crucial antioxidant role in vivo, delaying the 
accumulation of tissue lesion markers mediated by reactive species 
[145]. Several studies report the qualitative and quantitative role of uric 
acid as an antioxidant substance, which acts by eliminating free radicals 
and reducer of temporary metal ions, which are converted into little 
reactive forms [146]. Altered uric acid metabolism could thus possibly 
play a role in the pathogenesis and damage related to AMD [147]. A 
possible relationship between serum uric acid and AMD was assessed 
in 232 participants, divided into 3 groups: Non-Neovascular AMD, 
and Neovascular AMD (nAMD) and control groups. The mean uric 
acid levels in those with non-neovascular AMD and the control group 
was almost identical, making any association between serum uric acid 
and non-neovascular AMD very unlikely. However, the significantly 
higher mean serum uric acid level in the nAMD group compared 
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to the control group when this case group was studied individually 
indicates a possible association between raised serum uric acid levels 
and neovascular AMD [148]. More studies should be performed with 
the objective to certify uric acid as an important marker of AMD. 

Vitamin C

Vitamin C is a water-soluble vitamin that can reduce most 
physiologically relevant ROS/RNS [149]. Additionally, it regenerates 
the α-Tocopherol and participates in the protective mechanism against 
lipoperoxidation [150]. It is mainly found in citric fruit such as the 
orange, lemon, strawberry and dark-green vegetables such as broccoli 
and spinach, as well in tomatoes, peppers and watermelon. The daily 
recommended consumption in the United States of America (U.S.A) is 
75 mg for women and 90 mg for men [151].

It has experimentally been demonstrated that ascorbate enhibits 
VEGF expression in RPE cells [152]. The protective factor of vitamin 
C may be also observed in the retina of rats undergoing luminous 
radiation [153] and in ARPE-19 cells exposed to H2O2 and ultraviolet 
B (UVB) [154]. However, a large population study, performed in 
different countries, does not correlate ascorbic acid supplementation 
with early or late AMD [14,155-158], whereas in another study, with 
a limited number of participants, the protective role of vitamin C on 
AMD was reported [159].

Vitamin E

Vitamin E comprises 8 different forms (α-, β-, γ- e δ-tocopherol 
e α-, β-, γ- e δ-tocotrienol) [160], being considered a lipo-soluble 
antioxidant [161]. The main dietary sources of alpha-tocopherol are 
whole grains, vegetable oil (olive, sunflower, corn and soybean), eggs, 
and nuts [162]. The α-tocopherol is the most predominant tocopherol 
in the retina and in the human plasma [163]. The tocopherol antioxidant 
activity is expressed in the lipid membrane of the cells, where it can act 
by breaking the chain reaction and preventing the propagation of free 
radical reactions, as is the case in the peroxidation of the lipoproteins 
found in the retina and in the macular region [158,164]. The serum 
concentration of α-tocopherol is regulated by the α-tocopherol transfer 
protein (α-TTP), involved in its transport from the liver to the other 
organs [165]. Investigating the protective effect of vitamin E on the 
oxidative stress in α-TTP knockout rats, which were raised and fed a 
vitamin E-deficient diet, previous study reported an increase in the 
lipid peroxidation and degeneration of neurons. The α-TTP deficient 
rats presented alterations in the retinal function identified by the 
attenuation in “a" e "b" waves at the electroretinogram (ERG) test, 
and by the loss of outer and inner segments of photoreceptors. This 
result shows α-tocopherol to be a powerful antioxidant in the retina 
that protects against the retinal degeneration related to oxidative stress 
[166]. Additionally, its effect on Phase II enzymes and its protective 
role on acrolein-induced toxicity in ARPE-19 cells have been 
experimentally demonstrated. The pretreatment with α-tocopherol 
activated the Keap1/NrF2 pathway by increasing NrF2 expression and 
inducing its translocation to the nucleus. Consequently, the expression 
and/or activity of the following Phase II enzymes increased: glutamate 
cysteine ligase (GCL), NQO1, HO-1, glutathione S-transferase (GSTs) 
and SOD; total antioxidant capacity and glutathione also increased. 
This antioxidant defense enhancement protected ARPE-19 cells from 
an acrolein-induced decrease in cell viability, lowered reactive oxygen 
species and protein oxidation levels, and improved mitochondrial 
function. These results suggest that α-tocopherol protects ARPE-19 cells 
from acrolein-induced cellular toxicity, not only as a chain-breaking 
antioxidant, but also as a Phase II enzyme inducer [167]. Nevertheless, 

some populational studies report the use of alpha-tocopherol in AMD 
as very controversial. Some studies suggested a negative association of 
vitamin E intake with AMD [162,168] and other (AREDS Report 22) 
concluded that vitamin E intake does not correlate with AMD [14]. 
Some other studies suggest that there is no significant reduction in 
AMD risk among vitamin E users [156,169], whereas other report that 
an increased consumption of foods high in vitamin E was associated 
with a low incidence of AMD [158,162].

Regarding the serum levels, the results are inconsistent. A study 
showed a strong relationship between a high alpha-tocopherol plasma 
level and AMD decreased prevalence [158]. Conversely, another study 
did not detect such association [170]. Vitamin E deficiency in humans 
is rare and usually observed in isolated cases of abnormal fat absorption 
or metabolism in the diet, rather than in diets low in Vitamin E [171]. The 
daily recommended consumption in the US is 15 mg/d from food (22 IU/d 
from natural source vitamin E or 33 IU/d of synthetic form) [151].

Carotenoids

Carotenoids are C40-based isoprenoids of the tetraterpene family 
and are biosynthesized by the linkage of two C20 geranylgeranyl 
diphosphate molecules [172-173]. Carotenoids contain polyene chain, 
long conjugated double bonds, which carry out antioxidant activities 
by quenching singlet oxygen and scavenging radicals to terminate 
chain reactions. The biological benefits of carotenoids may be due to 
their antioxidant properties attributed to their physical and chemical 
interactions with cell membranes [174]. They are responsible for the 
coloration of some fruits and vegetables [175]. Lycopene, β-carotene, 
xanthophylls and hydrocarbon are among the 20 important carotenoids 
found in the human tissue [176]. About 50% of carotenoids may be 
converted into vitamin A, being nominated provitamin A. They are not 
considered essential as they are not necessary to mammals receiving 
an adequate intake of vitamin A, a condition that might change 
in the absence of such adequate intake. Examples of provitamins 
include α-carotene, β-carotene, and α-cryptoxanthin [177]. Non-
provitamin A carotenoids have been associated with a variety of health 
benefits [178,179]. This group of carotenoids includes xanthophylls: 
lutein, zeaxanthin, and astaxanthin, as well as lycopene [180,181]. 
Epidemiological studies identified the association of high dietary 
carotenoid intake with reduced risks of breast, cervical, ovarian, 
colorectal, cardiovascular, and eye diseases [182]. The U.S. Department 
of Agriculture reported that the average daily intake of lutein by 
Americans is about 1.7 mg per day, and in Europe, it is 2.3 mg per day. 
However, these values are far below the recommended dietary intake 
level of 6 to 14 mg per day to reduce the risk of macular degeneration 
and cataract [183].

The macula lutea of the eye, also known as the yellow spot, contains 
high concentrations of macular xanthophylls. The peak concentrations 
of lutein and zeaxanthin appear at the center of the fovea [184]. These 
carotenoids concentrate on the plexiform layer of the macula and are 
responsible for the yellowish color of this region [185]. Carotenoids 
have been known to be the most effective singlet oxygen quenchers, 
their activities much higher than those of other retinal antioxidants, 
tocopherols, and thiols [186-188]. Additionally, through their chain-
breaking abilities in lipid membrane peroxidative reactions and free 
radical extinction, carotenoids have been shown to be important 
inhibitors of lipofuscin formation [188,189]. Considering the blue light 
an important inducer of free radicals, and consequently a triggering 
factor of AMD, it has been shown that the effectiveness of the blue 
light filter follows the order lutein> zeaxanthin> β-carotene> lycopene. 
These results indicate that xanthophylls (especially lutein) are the best 
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blue light filters among all carotenoids available in blood plasma [190]. 
There is no sufficient strength and consistency studies to support any 
intake recommendation for all carotenoids. Data on the adverse effects 
of consuming too much supplementary carotenoids are contradictory. 
For this reason, there are not setting upper limits for intake of carotenoids. 
It has been strongly recommended people to use caution before taking 
these nutrients in high doses and recommend supplementation only to 
prevent or control a vitamin A deficiency [151].

Beta-carotene: Beta-carotene is one of the 600 carotenoids 
identified in nature, considered the most known abundant and efficient 
provitamin A present in food. A study with 156 patients with early and 
late AMD and a control group of 156 healthy people reported that 
beta-carotene serum levels weren’t significantly associated with AMD 
[170]. Another randomized, double-blind, placebo-controlled study (n 
= 22,071 apparently healthy physicians; 40-84 YO), was carried out to 
test whether beta-carotene supplementation (50 mg/day), would affect 
the incidence of AMD. After 12 years of treatment, the study reported 
162 AMD cases in the beta-carotene supplementation group against 
170 cases in the control group, indicating that beta-carotene intake 
did not interfere in the incidence of AMD [191]. Surprisingly, a study 
with 494 participants, followed up after 12 months of anti-vascular 
endothelial growth factor therapy, revealed that a higher intake of 
dietary β-carotene was associated with an increased risk of intra-retinal 
fluid (IRF) and pigment epithelial detachment (PED) [192]. Due to 
its association with the incidence increase in pulmonary cancer, and 
consequently an increase in the mortality rate of smokers and workers 
exposed to asbestos [193], beta-carotene used in AREDS was replaced 
by lutein and zeaxanthin in AREDS 2 [14,194].

Lycopene: Lycopene is a carotenoid with known antioxidant and 
anti-inflammatory properties. Its long, acyclic polyene chain gives it a 
singlet oxygen quenching capacity higher than that of β-carotene and 
α-tocopherol [186,195,196]. This highly unsaturated, non-oxygenated 
carotenoid is responsible for the red color in fruits and vegetables. 
Tomatoes and tomato-based products are the most common sources 
of lycopene in the human diet and account for more than 85% of the 
dietary intake of this carotenoid in North America [197-199]. Guava, 
watermelon, papaya, and surinam cherry are additional sources 
of lycopene [200]. Besides its antioxidant capacity, there are many 
other potential non-oxidant mechanisms through which lycopene 
may protect against chronic diseases, including the regulation of 
the gene expression, antiproliferative capacity, and hormonal and 
immunological modulation, among others [195,201,202].

A study that exposed ARPE-19 cells to tumor necrosis factor alpha 
(TNFα) revealed that lycopene can reduce TNF-α-induced monocyte 
adhesion and H2O2-induced cell damage in RPE cells. Furthermore, 
lycopene inhibited the expression of intercellular adhesion molecule 
1 (ICAM-1) and eliminated NF-kB activation for up to 12h in RPE 
cells treated with TNFα. Lycopene positively regulated NrF2 levels in 
nuclear extracts and increased the transactivity of antioxidant response 
elements. The use of NrF2 small interfering RNA (siRNA) blocked the 
inhibitory effect of lycopene on TNF-α-induced ICAM-1 expression 
and NF-kB activation. Lycopene also increased intracellular GSH levels 
and GCL expression. After treatment with lycopene, TNF-α-induced 
ROS production was abolished [203]. Tomato extract containing high 
levels of beta-carotene, lycopene, and traces of lutein exerted protective 
effects on ARPE-19 cells treated with H2O2. Nitrotyrosine formation 
was considerably reduced in cells incubated with tomato extract 
compared with controls after H2O2 treatment. Protein carbonyls were 
reduced by 30 %, and the formation of thiobarbituric acid-reactive 

substances was reduced by 140 % in cells incubated with tomato 
extract. This study provides the experimental evidence for protective 
effects of dietary tomatoes rich in carotenoids on oxidative stress in 
the RPE [204]. The analysis of monocytes that were isolated from 
patients with nAMD, cultured, matured in macrophages and polarized 
to classic [M1 (stimulated by IFNγ and lipopolysaccharide (LPS))] 
and alternative [M2 (stimulated with IL-4 and IL -13)] phenotypes, 
showed that combinations of lutein and carnosic acid with zinc 
and standardized tomato extract or with beta-carotene yielded an 
antioxidative, anti-inflammatory, and antiangiogenic effect on M1 and 
M2 macrophages. These effects were manifested in the upregulation 
of antioxidative genes (HO-1, SOD1) and the downregulation of pro-
angiogenic genes and pro-inflammatory genes [stromal cell-derived 
factor 1(SDF-1), TNF-alpha, IL-6, MCP-1). Lutein monotherapy or 
a combination of lutein and zinc had less effect on the expression of 
these genes [205]. A study revealed that increased serum antioxidant 
levels were associated with a decreased prevalence of late AMD, but not 
with early AMD, in an older Japanese population. On the other hand, 
a combination of alpha-, beta-carotenes and lycopene was protectively 
associated with late AMD, though alpha-, beta-carotenes and lycopene 
individually showed no statistically significant relationship with 
late AMD. The carotenoid family (beta-cryptoxanthin, alpha-, beta-
carotenes, lycopene, and lutein and zeaxanthin) was also related to 
late AMD [206]. Another population study with 263 individuals, 
aged between 50 and 88 years, reported that higher levels of serum 
carotenoids, in particular zeaxanthin and lycopene, are associated 
with a lower likelihood of having exudative AMD [207]. However, the 
results of nine prospective cohort studies that included 149,203 people, 
with 1,878 cases of early AMD, indicated that vitamin A, vitamin C, 
vitamin E, zinc, lutein, zeaxanthin, alpha carotene, beta carotene, beta 
cryptoxanthin and lycopene have little or no effect on the primary 
prevention of early AMD. The three randomized controlled trials did 
not show that antioxidant supplements prevented early AMD [208].

Xanthophylls: Xanthophylls constitute most of the carotenoids in 
nature, and lutein, zeaxanthin, and astaxanthin are among the varieties 
that can potentially affect the progression of AMD [209]. The direct 
and indirect antioxidant actions of xanthophylls involve blue light 
filtration [210], quenching of singlet oxygen [211-213]. It is known 
that macular xanthophylls are located transversely in the lipid bi-layer 
of the retinal membrane, protecting the retina against peroxidation 
and photo-damage [214-216]. They also prevent blue light exposure to 
fovea’s photoreceptors significantly [217]. Carotenoids also protect the 
retina against oxidative damage by repairing α-tocopherol and acting 
synergistically with vitamin C [218].

Lutein and zeaxantine
utein and zeaxanthin, members of the xanthophylls’ family, are 

considered the main carotenoids and have been associated with 
prevention of cataract and macular degeneration [219-222]. Basil, 
parsley, kale, leek, pistachio, egg yolk, red pepper represent the main 
dietary sources of lutein, whereas avocado, corn and wheat (Einkorn, 
Khorasan, Durum) contain lutein and zeaxanthin [223-225]. They are 
powerful antioxidants that react against free radicals [226], delaying 
the lipid peroxidation of the cell membrane and are strongly associated 
with the AMD risk prevention or decrease [213,227-231]. They are 
found in the retina and known to be highly effective protective agents 
against singlet oxygen [232,233]. The highest concentration of macular 
xanthophylls is found in the outer plexiform layer, which is a layer 
of neuronal synapses between photoreceptor cells and secondary 
neurons [234]. Macular xanthophylls are also present in the layer of 



Torres RJA (2022) The role of non-enzymatic antioxidants on age-related macular degeneration

 Volume 5: 7-19Frontiers Drug Chemistry Clinical Res, 2022          doi: 10.15761/FDCCR.1000157

rod outer segments and in RPE cells [235-237]. Zeaxanthin is a major 
carotenoid pigment contained in human retina, predominantly found 
in the central fovea, whereas lutein is more present in the peripheral 
region. Zeaxanthin is, therefore, the most efficient antioxidant in the 
area where the risk of oxidative damage is higher [238,239]. It has 
been shown that zeaxanthin activates the enzymes of Nrf2-mediated 
Phase II enzymes, increasing the antioxidant capacity and preventing 
cell death in vivo and in vitro [240]. In ARPE-19 cells, lutein treatment 
significantly increased the transcripts of NQO1 by 1.7 ± 0.1-fold, 
GLC regulatory subunit (GCLm) by 1.4 ± 0.1-fold, and HO-1 by 1.8 
± 0.3-fold, indicating that lutein not only serves as a direct antioxidant 
but also activates NrF2 in ARPE-19 cells [241]. It is known that the 
pigments are responsible for filtering and the absorption of blue light, 
attenuating the oxidative stress and protecting the retina [235,242]. 
There is evidence that lutein and zeaxanthin can increase the density of 
the macular pigment [243,244]. Corroborating the findings about the 
experimental analyses, the study "Lutein Nutrition Effects Measured by 
Autofluorescence” (LUNA) showed that supplementation with 12mg 
lutein and 1 mg of zeaxanthin resulted in a significant increase of the 
macular pigment density (MPOD) in most participants, including those 
with macular degeneration [243,244]. Recent study (systematic review 
and meta-analysis) investigated the minimum concentration of lutein/
zeaxanthin (L/Zea) intake (dietary and/or supplement) able to change 
MPOD in adults (3,189 participants; mean age, 43 YO; 42% male) 
with healthy eyes. It was found that dose (L/Zea for 3 – 12 months) 
of 5 mg/d to <20 mg/d and dose of ≥20 mg/d increased 0.04 and 0.11 
units in MPOD, respectively. The effects of L/Zea (for 3- 6 months) 
intake at doses <5 mg/d (dietary sources) is less clear [245]. A study 
(1,787 women; age, 50-79 YO) showed that the inclusion of bioactive 
substances such as lutein and zeaxanthin in the diet, can protect against 
macular degeneration [222]. A meta-analysis revealed that lutein, 
zeaxanthin, and meso-zeaxanthin supplementation improved macular 
pigment optical density both in AMD patients and healthy subjects 
with a dose-response relationship [246]. Evaluating the effects of 
lutein (5 to 20 mg/d) and zeaxanthin (0 to 20 mg/d) supplementation 
on visual function from AMD patients (1,176 participants; age, > 65 
YO; followed 6 – 36 months), previous systematic review and meta-
analysis showed a significant visual acuity improvement in a dose-
dependent manner. In fact, each 1-mg/d increase in these carotenoids 
supplementation was related to a 0.003 reduction in logarithm of 
the minimum angle of resolution level of visual acuity as compared 
to baseline [247]. Previous meta-analysis (limited to cohort studies) 
showed dietary intake of lutein and zeaxanthin is not associated 
with reduced risk of early AMD, whereas an increase in the intake of 
these carotenoids may be protective against late AMD. Authors were 
unable to evaluate the associations in the dose–response meta-analysis 
due to insufficient dose data [248]. Another epidemiologic study 
with 380 participants reported that the risk of AMD (early or late) 
was significantly higher in people with lower plasma concentrations 
of zeaxanthin. Lower plasma concentration of lutein or lutein plus 
zeaxanthin was also associated with a higher tendency of AMD, 
although with no statistical significance [249]. The association between 
risk of AMD (and cataract) and plasma lutein, zeaxanthin and other 
carotenoids was studied in 899 people over 60 YO. It was observed that 
the high plasma level of zeaxanthin was associated with the AMD risk 
decrease. High plasma levels of lutein and lutein plus zeaxanthin were 
also related to the decrease in AMD risk. Other analyzed carotenoids 
such as alpha- and beta-carotene, beta-cryptoxanthin and lycopene 
were not significantly correlated with AMD. The results suggest an 
important protective role of xantophyills, mainly of zeaxanthin, in 
AMD [250]. Other studies have shown that the lutein and zeaxanthin 

diet was inversely associated with nAMD [14,251]. Conversely, a study 
with 8,222 people over 40 years of age, did not confirm this inverse 
relationship of carotenoids in the diet or in the serum of any AMD 
types. It concluded that the relationship between these carotenoids and 
AMD may be influenced by age, race and further prospective studies 
in separate populations must be performed [252]. Corroborating this 
report, other relevant studies did not present significant associations 
between the lutein and zeaxanthin diet and prevalence of early or late 
AMD [253,254]. It is important to mention that serum variations of 
lutein and zeaxanthin, related to their intake, may be caused by the 
competition of the serum, tissues, including the retina, as well as by 
other unknown factors, extrinsic or endogenous, which influence their 
absorption and/or distribution [255]. 

Lutein and zeaxanthin benefits remain controversial. The FDA 
carried out a review study to verify and attest to the scientific evidence 
of the lutein and zeaxanthin role in macular degeneration and cataract 
[256]. Based on the reviews, FDA concluded that the agent role of 
lutein and zeaxanthin to reduce the risk of macular degeneration and/
or cataract requires further findings (http://www.cfsan.fda.gov/~dms/ 
ssaguide.html). Finally, AREDS 2, which used 10 mg of lutein and 2 
mg of zeaxanthin in the formulation, concluded that compared to the 
placebo, addition of lutein/zeaxanthin and/or omega-3 fatty acids to 
the previous AREDS formulation showed no significant effect on AMD 
progression or visual acuity loss [257]. 

Astaxanthin
Astaxanthin (3,3’-dihydroxy-β,β-carotene4,4’-dione; molar mass 

596.84 g/mol) (AST) is a carotenoid [174], which belongs to the 
family of xanthophylls. It is typically found in marine environments, 
especially in microalgae and seafood such as salmonids, shrimps, crabs 
and lobsters [258,259], contributing to the pinkish-red color of these 
crustaceans [260]. Astaxanthin provides protection against oxidative 
stress by scavenging ROS in both the inner and outer layers of the 
cellular membrane [261-263]. Astaxanthin scavenges mostly peroxyl 
radicals, protecting fatty acids and biological membranes against lipid 
peroxidation [264,265]. Due to its unique molecular structure, AST 
displays some important biological properties, mainly represented 
by strong antioxidant, anti-inflammatory and antiapoptotic activities 
[266-268]. It has been shown AST has ten times higher antioxidant 
activity than lutein, canthaxanthin, β-carotene and hundred times 
higher than α-tocopherol [265,269,270]. Its antioxidant efficacy has 
been confirmed by several studies, which report a significant reduction 
in the levels of oxidative markers, such as malondialdehyde (MDA) and 
isoprostanes, and increased levels of antioxidant agents such as SOD 
[271-273]. Astaxanthin also inhibits the production of inflammatory 
mediators (iNOS, COX-2, TNF-α, and IL-1β) by blocking NF-kB 
activation and as a consequent suppression of IKK activity and 
I(kappa)B-alpha degradation [267]. Additionally, AST reduced H2O2-
induced cell viability loss, cell apoptosis, and intracellular generation 
of ROS. Furthermore, treatment with AST activated the Nrf2-ARE 
pathway. Consequently, Phase II enzymes NQO1, HO-1, GCLM, and 
GCLC mRNA and proteins were increased. AST inhibited expression 
of H2O2-induced cleaved caspase-3 protein. Activation of the 
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathway 
was involved in the protective effect of AST on the ARPE-19 cells [269]. 
Corroborating this study, other findings show that AST promotes a 
significant increase in the mRNA expression of NrF-2 as well as its 
downstream genes, including SOD, GCL regulatory subunit, and GPx 
[274]. Another study revealed that AST can limit caspase synthesis, 
Ca2+ release and excessive ROS production with anti-apoptotic effect 
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on ARPE-19 cells treated with hydroquinone [91]. The protective 
effect of AST against light-induced retinal damage was experimentally 
demonstrated [275]. Similarly, this study also demonstrated the 
protective role of AST against oxidative stress model in mice model 
[276]. In an AMD experimental model, AST promoted a significant 
suppression of choroidal neovascularization (CNV) induced by laser 
photocoagulation due to the downregulation of various inflammatory 
mediators including ICAM-1, and MCP-1, macrophage-derived 
VEGF, and IL-6, and endothelial derived-VEGFR [277]. 

The FDA has approved the use of AST as food colorant in animal 
and fish feed [278]. The structure of astaxanthin is very similar to 
that of lutein and zeaxanthin. However, the antioxidant activity and 
ultraviolet light protection effect of astaxanthin is stronger than that 
of lutein and zeaxanthin. Consequently, it can be inferred that the 
deposition of astaxanthin in the eye could provide superior protection 
against UV light and oxidation of retinal tissues pointing to the 
potential of astaxanthin for eye health maintenance [279]. Due to the 
antioxidant effect, AST has been tested as nutritional supplement in 
patients with AMD [279]. In a randomized clinical trial carried out in 
patients with non-advanced AMD, an improvement in the evolution 
of the disease by supplementation with antioxidants and carotenoids, 
including AST (4 mg), was observed [280]. The multicenter, prospective 
open-label randomized study, 145 patients were randomly assigned 
to 2 different treatment groups: interventions were lutein (10 mg), 
zeaxanthin (1 mg), astaxanthin (4 mg), and antioxidants/vitamins 
supplementation formula or no dietary supplementation for 2 years. 
This study reported that patients treated with lutein/zeaxanthin and 
AST together with other nutrients were more likely to present clinically 
meaningful stabilization/improvements in visual acuity (VA), contrast 
sensitivity (CS), and visual function for 24 months when compared 
with nontreated subjects [281]. Astaxanthin is safe, with no side effects 
when it is consumed with food. It is lipid soluble, accumulates in animal 
tissues after feeding of AST to rats and no toxic effects were found [282-
284]. It is recommended to administer AST with omega-3 rich seed 
oils such as chia, flaxseed, fish, nutella, walnuts and almonds. A study 
reported that no adverse effects were found with the administration of 
AST (6 mg/day) in adult human subjects [174,285].

Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) (MT) is a hormone 
that possesses an efficient antioxidant capacity [286]. It is produced 
by the pineal gland, within the retina, as well as in other tissues 
[287-292]. Light information from the eye is passed on through the 
retinohypothalamic tract (RHT), reaching the suprachiasmatic nuclei 
(SCN), where MT secretion takes place. The secretion of MT by the 
pineal body is circadian, with high levels at night and very low secretion 
during daylight [286,293]. It partly regulates our day–night rhythmicity 
including various physiologic functions, such as the cardiovascular 
system, immune system, the aging process, among others [289, 294-
296]. In older patients, MT levels have been shown to be reduced 
significantly at night, suggesting a physiological role in the ageing 
process [286]. Additionally, the light that reaches the retina of older 
people is markedly reduced because of senile miosis and presence of 
cataract [297-298]. A decrease in MT production in aged persons may 
cause a reduction of the antioxidant activity, which would directly affect 
the scavenging of many reactive oxygen species and the stabilization of 
the cellular membrane and thus induce the oxidative damage, which is 
thought to be one of the causes of AMD [299,300]. Melatonin receptors 
have been detected in the RPE, photoreceptors, retinal ganglion cells, 
horizontal cells and amacrine cells [301]; however, its production is 

almost exclusively carried out by the photoreceptor cells [302,303]. 
Once produced, MT is not stored but freely diffuses out of the cells. The 
amount of MT produced by the retina is small compared to that in the 
pineal gland. In a few instances, retinal MT may contribute to the levels 
of the hormone in the blood [304]. Both the pineal and the retinal MT 
reach the RPE cells [305]. Locally produced MT may lead to a relatively 
high MT concentration surrounding photoreceptors, thus protecting 
these cells by inducing the expression of various antioxidant enzymes 
by activation of MT receptors [289,292,306]. In this regard, MT has 
been reported to protect the RPE and photoreceptors against oxidative 
processes [286,307], playing a partial protective role on RPE cells 
against H2O2 damage [308], and a neuroprotective and antiapoptotic 
role by reducing the oxidative stress damage in retinal ganglion cells 
(RGCs) [309]. It has been reported daily administration of MT (3mg) 
may protect the retina and delay the progression of AMD [309].

A prospective, cross-sectional and observational study was 
carried out to examine whether MT daytime levels differ between 
pseudophakic patients with AMD and pseudophakic subjects without 
any ocular pathology of the same age. The serum analysis of 69 
pseudophakic patients, 50 of those with exudative and non-exudative 
AMD and 19 control patients, revealed that pseudophakic patients with 
AMD produce more MT during the day compared to pseudophakic 
subjects without AMD. This study suggested that such a finding may 
be caused by the reduced visual acuity in patients with AMD, whereby 
less light reaches the photoreceptors, allowing MT secretion to 
continue during the day. Because MT also acts as an antioxidant, and 
daytime levels are higher in patients with AMD, these results might 
be interpreted as a rescue factor [299]. Besides the serum analysis, the 
non-invasive diagnosis of MT expression may also be performed by 
oral epithelium analysis and determination of the main metabolite 
of the urinary 6-hydroxymelatonin-sulfate (6-HMS) [299,310-311]. 
The 6-sulfatoxymelatonin levels (aMT6s), the major metabolite of 
melatonin in urine was determined in 43 AMD patients and 12 controls 
who did not have AMD. It was observed that the urinary aMT6s level 
in AMD patients was 40% lower than in age- and gender-matched 
controls [311]. By analyzing AMD physiopathogenesis and MT action 
mechanism, it is possible to infer that this hormone is likely to prevent 
and treat AMD [312].

Coenzyme q10

Coenzyme Q10 (CoQ10) is considered a lipo-soluble endogenously 
synthesized provitamin. Its oxidized form is called ubiquinone and 
the reduced one ubiquinol [313]. CoQ10 may be found in all cell 
membranes of the human body, although larger concentrations are 
present in heart, liver, brain, and skeletal muscle. It is located in the inner 
mitochondrial membrane, where it interacts with specific enzymes, and 
acting as an essential coenzyme in the mitochondrial respiratory chain 
[314]. Although CoQ10 can be synthesized by human cells, it can also 
be provided by diets. Small amounts are found in eggs, cereals, milk 
products, dried fruits such as nuts, and in vegetables (mainly spinach 
and broccoli). Beef, fish, and poultry are rich sources of CoQ10. In its 
reduced form, it is a powerful antioxidant that has the capacity to protect 
the proteins of the mitochondrial membrane, the phospholipids and the 
DNA from oxidative damage, and regenerate other antioxidants such 
as the ascorbic acid and a-tocopherol [315,316]. In circulation, CoQ10 
is carried bound to lipoproteins, in particular low-density lipoprotein 
(LDL) in its reduced form (CoQ10H2), which can be easily oxidized to 
CoQ10. When LDL is exposed to oxidative stress in vitro, CoQ10 is the 
first antioxidant to be depleted. As CoQ10H2 is considered to inhibit 
lipid peroxidation in LDL and has a low threshold for oxidation, the 
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CoQ10H2/CoQ10 ratio can be used as a potential marker to determine 
the oxidative stress LDLs have been subjected to in vivo [317]. The 
normal range of CoQ10 concentration in human plasma is 0.8–1.2 
mg/L [318]. Deficiency of CoQ10 may be defined as the presence of 
reduced levels of CoQ10 in tissues or cells, relating it to the increase 
in the oxidative stress and associating it with ageing [313]. To estimate 
its concentration, its plasma level is measured [318-319]. Specifically, 
CoQ10 levels in the retina can decline by approximately 40% with age 
and may be linked to the progression of AMD [320-321]. A study that 
analyzed coenzyme CoQ10 levels in the plasma and platelets from 19 
exudative AMD patients and 19 age-matched controls showed that 
most patients had lower plasma CoQ10 content than most controls. 
Additionally, plasma from controls showed greater capacity to oppose 
the oxidative damage, suggesting that free radicals play a pathogenic 
role in AMD and that CoQ10 may have a protective effect [322]. The 
use of idebenone, a coenzyme Q10 synthetic quinone analog, revealed 
potential antiapoptotic and cytoprotective effects on cultured ARPE-19 
cells under conditions of oxidative stress [323].

Polyphenols: Polyphenols or dietary phenolic compounds are 
known to be the largest group of phytochemicals and a group of natural 
compounds sharing common structural features [324]. More than 
8,000 phenolic structures are currently known, and among them over 
4,000 flavonoids have been identified. Fruits, vegetables, whole grains 
and other types of foods and beverages such as tea, chocolate and wine 
are rich sources of polyphenols [324]. For years, the beneficial health 
effects of polyphenols were associated to their antioxidant capacity, 
largely demonstrated in vitro. They are known to be efficient scavengers 
of most oxidative species, by H-atom transfer or single electron 
transfer to a stabilizing radical [325]. Moreover, the capacity of many 
polyphenols to form stable complexes of metallic ions, such as iron and 
copper, which can act as catalyzers in the production of oxidative species 
[for example, OH •, O2 • ˉ, H2O2] has also been accepted [325,326]. 
Polyphenols are said to present pleiotropic effects, impacting multiple 
molecular targets and intracellular signaling cascades, most of them 
interconnected [327], acting as modulators of the genetic expression 
and signaling pathways related to the cell function and protection, 
activating the antioxidant response element (ARE), regulating the cell 
oxidative state, and modulating the activity of the oxidative enzymes, 
such as xanthine oxidase, protein kinase C and nitric oxide synthases 
[328,329]. Besides the antioxidant effects, polyphenols present anti-
inflammatory [330], cardiovascular [331], tumor suppressor [332], and 
neuroprotective properties, among others [333-337]. From the ocular 
perspective, several studies have suggested that the consumption of 
different polyphenols from natural sources such as fruit and vegetables 
can contribute to preserve vision and even reverse visual impairment 
in certain visual disorders [338,339]. Consequently, polyphenolic 
compounds can help prevent photoreceptor cell damage caused by 
ROS, and thus can have beneficial effects on the visual function in 
retinal degenerative diseases. 

Chemically, dietary polyphenols can be divided into the following 
groups: phenolic acids, flavonoids, and polyphenolic amides [324]. In 
each group, several studies in vitro, in vivo and/or populational have 
been performed and have shown the potential benefits of polyphenols 
in AMD. Phenolic acids, for example, found in fruits and vegetables, 
in grains and seeds, particularly in the bran or hull [340], inhibited 
oxidized LDL effects on exacerbating choroidal neovascularization by 
downregulating cylindromatosis (CYLD) (a tumor suppressor) [341]. 
On the other hand, the flavonoids can inhibit inflammatory reactions by 
suppressing the expression of pro-inflammatory genes and molecules 

involved in retinal degeneration [342]. A population-based cohort study 
with 2,856 adults aged ≥49 years at baseline, and 2,037 followed up 15 
years later, demonstrated an independent and protective association 
between the dietary intake of flavonoids and the likelihood of having 
AMD [343]. Studies in vitro have demonstrated the great capacity of 
flavonoids to inhibit the oxidation of LDL-c better than the classic 
antioxidants, such as alpha-tocopherol [344]. Intravitreally injected 
chrysin may inhibit induced CNV in brown Norway rats with a diode 
laser and downregulated hypoxia-inducible factor 1-alpha (HIF-1α) 
and VEGF expression [345]. Proanthocyanidins, a class of polyphenols, 
found in berries and fruits such as lingonberry, cranberry, black 
elderberry, black chokeberry, blackcurrant, blueberry [346], induced 
the elevation of in vivo antioxidant activity and the suppression of 
retinal lipid oxidation, as well as suppressed apoptotic cell death of the 
retinal tissue exposed to oxidative stress caused by visible light [347]. 
Epigallocatechin gallate (EGCG), the main flavonoid present in green 
tea [348], alleviated mouse laser-induced CNV leakage and reduced 
CNV area by down-regulating HIF-1α/VEGF/VEGFR2 pathway; M1-
type macrophage/microglia polarization, as well as endothelial cell 
viability, proliferation, migration, and tube formation [349]. It has 
been demonstrated that other polyphenols also have antioxidant, anti-
inflammatory and antiproliferative effects, with a potential to integrate 
the group of molecules to be used in AMD prevention [350-352].

Zinc

Zinc (Zn), the second most common metal in the human body, is an 
oligo-element that reaches a total concentration of 2.5 grams [353-357]. 
Shellfish, oysters, beef, liver, chicken giblets and eggs are considered the 
best Zn sources. Nuts and vegetables are relatively good Zn sources as 
well [358]. Usually, Zn is stored in the cell, and distributed to muscles, 
bones, skin, and liver [354]. The daily Zn recommended dosage is 15 mg 
[359]. Zinc is involved in the stabilization of the structural membranes 
and cells by two mechanisms: protection sulfhydryl groups against 
oxidation and inhibition of the production of oxygen reactive species 
by transition metals such as iron and copper [356,360]. The retina, 
mainly the macular region, retains a large concentration of Zn due to 
the role that it plays in the enzymatic reactions, and consequently, in 
the prevention of AMD [361]. It is known that Zn is one of the main 
constituents of superoxide dismutase (SOD), which also defends the 
organism against the oxygen reactive species [362]. Zinc is found at high 
levels in the RPE/choroid, photoreceptor inner segments (RIS)/ outer 
limiting membrane (OLM) layer, outer plexiform layer (OPL), and 
inner nuclear layer (INL) [363]. The evidence that Zn is essential for the 
retina is presented in several studies that reveal the depletion of Zn in 
the body results in a bad adaptation to the dark and reduced amplitudes 
of the photopic and scotopic electroretinogram (ERG) evaluations 
[364-365]. Deficiencies of selected trace elements, such as zinc, have 
also been implicated in the vision loss caused by AMD [361,366,367]. 
A decrease of 24% in Zn level in the RPE complex and choroid was 
observed in AMD patients when compared with individuals without 
AMD [368]. Previous studies in ARPE-19 cells suggest that zinc could 
activate the transcription factor NrF2 and increase the expression of 
phase II detoxification genes controlled by the ARE [369]. By activating 
the ARE/NrF2 pathway, Zn supplementation may upregulate the 
cystine/glutamate exchanger. Such effect will lead to increased tissue 
and cellular uptake of CySS and, consequently, decreased plasma CySS 
concentration [117]. It has been reported that a daily intake of 81 mg of 
Zn can reduce then visual loss resultant from AMD [370]. The AREDS 
8 multicentric study divided participants into 4 groups: 1st group 
received high daily dosages of antioxidants such as vitamin C (500 mg), 
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vitamin E (400 IU), and beta-carotene (15 mg); 2nd group received 
Zn (80 mg) and cupric oxide (2mg); 3rd group received antioxidants 
plus Zn and cupric oxide, and 4th group received placebo. After 5 
years, a decrease in early AMD risk was observed (category 2) for a 
more advanced stage (category 4 – geographic atrophy or subretinal 
neovascular membrane) of approximately 17 % for those that consumed 
only antioxidants, 21% for those treated with Zn and of 25% for those 
who received antioxidants plus Zn [13]. Another study conducted in 
494 patients followed up after 12 months of anti-vascular endothelial 
growth factor therapy confirmed that a higher intake of dietary Zn was 
associated with a reduced likelihood of sub-retinal fluid (SRF) at 1 year 
[192]. A cross-sectional study carried out in 547 participants reported 
that a low dietary Zn intake was associated with a greater likelihood 
of SRF presence, particularly in those treated for at least 6 months, 
and increased macular thickness in treated eyes with nAMD [371]. 
Nevertheless, conflicting results were found in the literature regarding 
Zn supplementation and AMD. The Beaver Dam Eye Study observed 
a discreet association between Zn intake and reduction in early AMD 
risk [253]. Another randomized study of a control case showed that Zn 
supplementation does not exert therapeutic effect on AMD patients at 
advanced stages [372]. A study that assessed the levels of oligoelements 
in human plasma, including zinc, with 236 patients with nAMD 
compared to 236 same age controls without AMD, identified higher 
Zn plasma levels in patients fed supplements. However, there was no 
significant difference in Zn levels between patients with nAMD and 
controls. This might be due to the fact that only 36% of the nAMD 
patients reported supplement usage [373]. 

 Zn plasma levels is not probably a sensitive indicator of an 
individual’s Zn status, as it represents only ~ 0.1% of Zn concentration 
in the entire body [374]. Hence, to measure Zn plasma levels may not 
provide a precise measurement of Zn local levels in the macula of AMD 
patients [373].

Selenium

Selenium (Se) is considered an essential oligoelement for the 
human body due to its participation in relevant metabolic functions 
[375], immunological system [376], thyroid hormonal metabolism 
[377], male infertility [378], neoplasia [379], cardiovascular diseases 
[380] as well as an antioxidant [381]. Currently, the Recommended 
Daily Allowance (RDA) is 55 μg/day for healthy adult men or women 
[382,383]. Selenium-rich foods include Brazil nuts, whole grain rice, 
and sunflower seeds [384]. This oligoelement is an active component of 
the Gpx [385], which plays an antioxidant role and protects the body 
cells, reducing the toxic substances caused by the oxidative stress [386]. 
GPx, which contains 4 atoms of selenium [386], is responsible for 
about 30% of the plasma levels of this mineral [385,387]. Se-deficient 
animals have markedly decreased GPx activity [388]. Selenium is 
present in very small amounts in the retina [363]. A recent case control 
study found a borderline association between AMD and low serum 
selenium concentrations [389]. Comparing 10 patients with nAMD 
(61.2-76.1 years) and 9 with healthy eyes (66.9-75.1 years), previous 
study revealed that blood selenium concentration was significantly 
lower in the AMD group than in the control one [390].

Complications related to use of antioxidants
With the objective to prevent or treat systemic disease, antioxidants 

have been largely used for decades. However, the indiscriminate use 
of antioxidants is not risk free. Experimental studies have shown that 
common antioxidants may accelerate cancer growth and metastasis 
[391-392]. Moreover, several populational studies and meta-analysis 

have condemned the abusive use of antioxidants for considering them 
harmful to health [393-399]. There are several possible explanations 
for the potential negative effect of antioxidant supplements. Oxygen 
reactive species, in moderate concentrations, are essential mediators 
of reactions through which the body eliminates undesirable cells. 
Antioxidant supplements are scavengers of free radicals and may 
interfere in the essential defense mechanisms that would help eliminate 
defective cells, including the precancerous or cancerous ones [396]. 
The human diet usually contains safe levels of antioxidants; however, 
high levels of antioxidant supplements are likely to upset a relevant 
physiological balance [393-397,400]. It is important to remember that 
antioxidant supplements are synthetic and paradoxically may have 
pro-oxidant properties [398]. These factors may account for a possible 
increase in cancer risk [397,400] and cardiovascular diseases [393]. 
Systematic reviews and meta-analysis of randomized clinical trials 
have not demonstrated that supplementation of beta-carotene, vitamin 
A and vitamin E, contribute to a decline in mortality rate. Some 
analyses have even reported a mortality increase [393,400]. A large 
interventionist study (n = 18,314), the Carotene and Retinol Efficacy 
Trial (CARET) [193], administered supplements of beta-carotene (30 
mg/day) and retinyl ester (25,000 IU/day) to smokers and workers 
exposed to asbestos. The study was ended 21 months early due to the 
evidence of no benefit and substantial evidence of harm in the group 
that received β-carotene and retinol palmitate, especially women. In 
fact, the incidence of lung cancer increased 28%, and total mortality 
was 17% higher in the supplementation group in comparison with 
the placebo group (n = 8,894). Previous systematic review and meta-
analyses showed beta-carotene supplementation has not been shown 
to have any beneficial effect on cancer prevention. Conversely, it was 
associated with increased risk not only of lung cancer but also of gastric 
cancer at doses of 20-30 mg/day, in smokers and asbestos workers 
[401]. A prospective observational study analyzed the association 
between prostate cancer risk and the use of antioxidants in 295,344 
men registered at the National Institutes of Health (NIH)AARP Diet 
and Health Study. The participants were cancer free at the registration 
time. The authors observed that the use of multivitamins 7 times a week 
was associated with a double risk for prostate cancer. The study was 
observational, hence eventual doubts may not be excluded; however, 
it was a well-conducted study with a large sample, which reduces 
possible error factors [399]. A meta-analysis with 232,600 patients 
assessed the antioxidant effect of vitamin supplements on the mortality 
rate per disease. It concluded that the use of beta-carotene, vitamin A 
and vitamin E in excess may increase mortality rate. This study also 
observed that vitamin C and selenium are not related to longevity and 
that further clinical trials should be performed to confirm the effects 
of these substances [395]. High dose of xanthophylls was associated 
to increased risk of skin cancer and gastric adenocarcinoma [209]. 
Excessive consumption of zinc, in turn, may also cause disorders in 
the immune response [402], high-density lipoprotein decreases [403], 
and anemia [404]. Selenium supplementation does not seem to prevent 
type 2 diabetes, and it may increase the risk for the disease [405]. The 
association between cancer prevention and selenium supplementation 
is not supported by epidemiological studies [406]. It is important 
to highlight that this discussion is about the pharmacological 
supplementation of antioxidants and not about the modulation of the 
redox balance offered by a diet. 

Conclusion and future directions
Antioxidants act in a complementary way. The water-soluble 

ones can remove free radicals in an aqueous medium, whereas 
the lipo-soluble exert their role in a lipid one. There are vitamins 
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that perform better in high oxygen concentrations, whereas others 
perform better in low oxygen concentrations. This reveals that the 
association of antioxidants is important to improve its effects and 
that, when analyzed separately, they do not demonstrate their real 
impact on AMD. Regarding thiols, besides their essential antioxidant 
role in the preservation of the vision, they are also important AMD 
biomarkers. Several molecules can increase the concentration of thiols 
in the plasma and in the RPE, with special focus on NAC, zinc, and 
polyphenols. N-acetyl-L-cysteine displays many properties that make it 
a potential drug for AMD patients, with additional benefits that include 
its oral administration or topic application to the cornea. Regard to 
carotenoids, a major attention should be given to xanthophyll. Many 
studies have revealed that lutein and zeaxanthin supplementation 
improved macular pigment optical density, demonstrating objectively 
the importance of lutein and zeaxanthin intake in AMD prevention. 
Regarding astaxanthin, it is a carotenoid that has been tested in labs 
and presents promising results in the prevention and/or treatment 
of AMD. Its antioxidant and anti-inflammatory activities have been 
observed in experimental studies with a performance higher than that 
of other carotenoids such as lutein, canthaxanthin and beta-carotene. 
As to the uric acid, melatonin and CoQ10, important non-enzymatic 
antioxidants, studies have confirmed their role on the preservation and 
homeostasis of RPE and sensory retina. However, more studies are 
necessary to assess the beneficial effects of their supplementation on 
AMD. Polyphenols, in turn, present antioxidant, anti-inflammatory, 
and antiangiogenic properties, and may serve as basis for the prevention 
and future treatments in dry and exudative AMD. As to complications 
induced by the indiscriminate consumption of antioxidants, it 
is important to highlight that this discussion only refers to the 
pharmacological supplementation and not to the modulation of the 
redox balance offered by a diet, moderate physical exercise, and healthy 
lifestyles. For these, there is substantial evidence of their protective 
effect. The use of antioxidants in AMD requires further clarification. 
Knowledge about the bioavailability, biotransformation, and accurate 
action of antioxidant supplements in AMD, quantities of vegetables 
and fruits that may be consumed to obtain an adequate supply of these 
nutrients, is of vital importance to prevent and treat AMD.
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