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Abstract

At least 2.2 billion people in the world suffer by vision impairment or blindness (World Health Organization, 2019). Apart from infective diseases

amenable to antibiotic treatment, cataract and corneal diseases resolvable by surgery, or refractive defects treatable with spectacles, most of the remaining

pathologies do not have a cure. They can be treated with drugs or by surgery to alleviate symptoms and to slow down progression, but the underlying

cause of the disease is usually not fully resolvable. Therefore, the best strategy to limit the burden of these ophthalmic diseases is prevention. In fact,

almost all ophthalmic pathologies have a known etiology and pathway of development (although often not all the elements in the different steps have

been elucidated), so that they are amenable to possible preventive treatments. Aim of this review is to illustrate how food supplements might help in the

prevention and treatment of these ophthalmic diseases.

Introduction

Among the 2.2 billion people in the world affected by any type
of eye condition, the World Health Organization estimates 196
million with Age-related Macular Degeneration (AMD), 146 million
with diabetic retinopathy (DR) and 76 million with glaucoma [1].
No clear estimate exists on the global presence of dry eye, though
the English Agency known as Global-Data UK Ltd. in a document
published on June 2018, considering the 8 more industrialised
Countries (US, France, Germany, Italy, Spain, UK, Japan, and China),
reports a prevalence of 267,680,785 cases in 2016, destined to raise
to 286,308,974 cases in 2026, therefore with an annual growth rate
of 0.70% [2]. Approximately 200 million eyes globally are affected
by cataracts causing a visual acuity less than 6/60, which become
3-4 times more including cataracts causing an acuity below 6/18 [3],
accounting for one third of the worldwide blindness [4]. Globally,
over 300 millions adolescents (less than 19 years old) are affected
by progressive myopia [1], which in older ages may bring serious
complications, like glaucoma or retinal detachment. All these eye
pathologies pose a serious threat to vision, and have a strong social
and economic impact. It has been estimated in 2014 by the National
Eye Institute that the annual economic burden of vision loss, eye
diseases and vision disorders in the U.S. amounted to 139 billion $
[5]. Now, what all these pathologies have in common is that there is
no efficient pharmacological treatment for any of them. Resolutive
surgery is possible in the case of cataract, but it is not devoid of -
although minimal - side effects [6]. Surgical approaches are routinary
applied also to the other pathologies, but most often they are not
curative, and can at best attenuate their progression [7,8]. However,
for all of them there is a link with lifestyle and alimentary habits,
which becomes more evident in older ages [9,10]. This opens a space
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for prevention, early treatment and association of dietary habits or
use of food supplements with pharmacological or surgical treatments.
Aim of this review is to illustrate the scientific evidence supporting the
use of food supplements in the management of eye pathologies.

GLAUCOMA

Glaucoma is an optic neuropathy, including a group of similar
pathologies affecting the retinal ganglion cells (RGC), the optic nerve
(ON) and the connected visual structures, causing vision loss and
eventually blindness [11]. Primary open angle glaucoma (POAG) is
the most common form of glaucoma (around 90% of the cases). It may
occur in association with elevated intraocular pressure (IOP), in which
case it is described as hypertensive glaucoma, or with normal IOP, in
which case it is designed as normal tension glaucoma (NTG) [12]. In
either case, the common pathological marker is the death of RGC by
apoptosis, which eventually leads to the degeneration of the whole visual
pathway, including the lateral geniculate nuclei and the visual brain
cortex through the mechanism known as trans-synaptic degeneration
(13,14]. This mechanism is present in other neurological diseases
such as Alzheimer, Parkinson and Amyotrophic Lateral Sclerosis [13].
Therefore, also POAG is considered a slow progressing neurological
disease [13]. Both extrinsic and intrinsic mechanisms contribute to
RGC apoptotic death. Among the first, there are mechanical and
metabolic factors. The compression of the ON at the lamina cribrosa
(the structure present at the optic disk through which the ON leaves
the eye) due to IOP elevation, leads to a decreased axoplasm flow and
neurotrophins circulation between the periphery and the nucleus of
the cell, necessary for RGC survival [15]. Endothelial dysfunction and
decreased blood perfusion of the ON head (ONH) is a common finding
in POAG [16], and may become a dominant trigger in NTG [17]. These
events may activate or aggravate the intrinsic mechanisms, like glial
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cell activation and neuroinflammation, glutamate excitotoxicity and
calcium release from dying cells, oxidative stress, starting a domino
effect of RGC death, and further aggravating the pathology [18-20].
More recently, mitochondrial dysfunction has been added as a main
mechanism among the different causes that can possibly lead to RGC
death and glaucoma [21]. However, from the clinical perspective, the
only pharmacologic therapeutic approach is based on the reduction
of the IOP, both for hypertensive POAG and for NTG [22]. However,
several clinical studies have shown that IOP reduction is a necessary,
but not sufficient condition to arrest POAG progression [23]. Moreover,
due to the structure of the retina, and the redundance of the cell network
system carrying light signals from the eye to the brain, usually more
than 50% of RGCs are dead when the first visual field abnormalities
are detectable [24]. Hence, a neuroprotective strategy is becoming
more often associated with the classical IOP-lowering treatment to try
and improve the therapeutic outcome of POAG patients [25]. We have
already reported that neurodegeneration is caused by several different
types of insult to RGC, therefore an effective neuroprotective treatment
should be endowed with multiple effects on different targets [25]. To
this purpose, a single molecule with pleiotropic effects, or an association
of molecules joining together their therapeutic mechanisms, should be
considered (Figure 1).

Brimonidine is a drug and it is an a-2, adrenergic receptor agonist,
present in eye drops medications either alone, or in association with
other hypotonizing drugs (timolol or dorzolamide). It is a paradigm
of a multipurpose molecule, being active both on the hypotonizing
and the neuroprotective side, and has clearly demonstrated that
neuroprotection and hypotonizing effects can be dissociated. In fact,

brimonidine, beside the hypotonizing effect on IOP [26], has also
shown several neuroprotective effects, such as improved perfusion
pressure at the ONH [27]; rescue of RGC from apoptosis by increasing
the ratio bcl2/BAX [28]; prevention of the release of pro-apoptotic
intracellular calcium [29]; blunting of the excitotoxicity due to excessive
glutammate release [30] and upregulation of the neurotrophin BDNF
expression by RGC [31]. Brimonidine neuroprotective effects in POAG
have been demonstrated both in preclinical animal model systems
[32] and in a seminal clinical trial of several years, showing that the
neuroprotective effects achieved by brimonidine were indipendent from
the hypotonizing effects that could be equally achieved by timolol [33].

Food Supplements

Epigallo-catechin-gallate (EGCG) is the main catechin of green
tea, and also displays several activities with neuroprotective value. It
has no effect on IOP, but it improves vascular perfusion by stimulating
the expression of the endothelial form of nitric oxide synthase [34];
it is an iron chelator and a potent antioxidant, reducing oxidative
stress and lipoperoxidation of cell membranes, thus shielding RGC
from oxidative damage [35], and it is easily absorbed and distributed
throughout the body [36]; it has anti-apoptotic activities, contrasting
the activation of proapoptotic genes and favoring the expression of
antiapoptotic ones, thus defending RGC from traumatic apoptotic
death [37,38]. Its antioxidant and neuroprotective effects on RGC
have been demonstrated in a mouse model in which oxidative damage
was induced by intravitreal injection of sodium nitroprusside. When
EGCG was given together with SNP, apoptotic cell death of RGC was
significantly blunted [39]. Accordingly, in a mouse model of retinal
ischemia/reperfusion, resembling acute closed angle glaucoma, oral
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Figure 1: Neurodegeneration in POAG. The main recognized mechanisms of neurodegeneration in POAG are the excessive pressure at the level of the lamina cribrosa, where the optic nerve
leaves the eye globe, and/or the decreased blood perfusion at the optic nerve head (ONH) (upper panel). These events may lead to injury and apoptosis of retinal ganglion cells (RGC), and the
progressive loss of sight. Indirect neuroprotective agents are those mainly acting on the IOP decrease and the improvement of blood perfusion (bottom left). Direct neuroprotection works by

blunting those events directly leading to cell injury and apoptosis (bottom right).
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administration of EGCG could rescue RGC from apoptotic death,
as seen by the conserved electroretinogram (ERG) response and
thickness of the ganglion cell layer, and by the decreased expression
of apoptotic caspases [40]. The antioxidant activity of EGCG has been
proposed as a possible remedy to blunt the effects of mytochondrial
dysfunction on glaucoma progression [41]. A clinical trial on 18
patients with POAG established that EGCG oral supplementation
could improve - although slightly, because of the short treatment time
— their pattern electroretinogram (PERG), which is an early alteration
detectable in glaucoma subjects [42].

Citicoline is the current name of cytidine-5-diphosphocholine.
Citicoline is naturally present in all cells, serving as an intermediate
in the biosynthesis of phosphatidylcholine, a component of biological
membranes [43]. Citicoline has been one of the first neuroprotectors
proposed [44], and has shown neuroprotective effects in Alzheimer
disease, stroke, and Parkinson’s disease, as well as in glaucoma and
amblyopia [45]. Some citicoline neuroprotective effects are mediated
by the restoration of phosphatidylcholine levels and maintainance
of sphingomyelin and cardiolipin levels (constituent of the inner
mitochondrial membrane, involved in the cell energetic metabolism);
by anti-oxidant effects, due to the increase of glutathione reductase
(GR) activity and glutathione (GSH) synthesis and the decrease
of PLA2 activity and lipid peroxidation; by the restoration of Na+/
K+ ATPase activity, essential for the proper functioning of neurons
and glial cells. The choline provided by citicoline is used for the
biosynthesis of the neurotransmitter acetylcholine, the stimulation of
tyrosine hydroxylase activity and dopamine release [46]. Moreover,
citicoline showed antiapoptotic effects by enhancing antiapoptotic bcl2
expression in a rat model of partial ON crush [47], and by decreasing
apoptotic caspases expression in explanted rat retinas cultivated in
toxic high glucose cell culture medium [48]. Over the years, citicoline
has been studied in several glaucoma clinical trials. Initially, it was
given by intramuscular injection, with a notable improvement on
both PERG (RGC function) and VEP (Visual Evoked Potentials: gives
the function of the whole visual axis) response [49,50]. In a further
study, it was shown that oral administration of citicoline to glaucoma
patients gave the same protection as the intramuscular injection, thus
improving patients’ compliance [51]. Finally, also topical citicoline
formulations as eye drops were shown to be effective in improving
PERG and VEP of glaucoma patients over a period of 4 months [52].

Coenzyme Q (ubiquinone) neuroprotective activity also appears
to be linked with its effects on mitochondria. In fact, coenzyme Q10
(CoQ10: the prevalent form found in humans) is a potent antioxidant,
a membrane stabilizer and an important cofactor of the mitochondrial
electron transport chain for the production of adenosine triphosphate
(ATP) [53]. In the DBA/2] mouse model of spontaneous glaucoma,
diet supplementation with CoQ10 significantly decreased the ratio
between pro-apoptotic and anti-apoptocic genes in the retina, thus
preventing apoptotic cell death. Moreover, mitochondrial DNA and
the Tfam transcription factor of the oxydative phosphorylation system
in the retina were functionally preserved. This resulted in increased
RGC survival and preservation of ON axons, and blunting of astroglial
activation in the retina and ONH [54]. Massive RGC death typically
results in the release of an excess of glutamate, and a paroxystic
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activation of glutamate receptors. This leads to the opening of the
mitochondrial permeability transition pore (MPTP) through which
cytochrome C is released, signaling for the activation of caspase 9 and
the apoptotic cascade. CoQ10 showed a further specific antiapoptotic
effect by maintaining MPTP in the closed conformation thus
preventing the triggering of apoptotic cell death [55]. In a rat model of
mechanic ON injury a topical formulation of CoQ10 + vitamin E was
administered as eye drops for 4 weeks. Decreased gliosis, increased
anti-apoptotic gene expression, and preserved Tfam were observed in
the retina of CoQ10 treated mice, which resulted in increased RGC
survival [56]. Most recently, a multicenter, controlled clinical trial on
612 POAG patients has started, having visual field progression as the
primary outcome, with the aim to evaluate the neuroprotective effects
of an ophthalmic solution of CoQ10 and Vitamin E [57].

Saffron (crocus sativus) is a traditional medicinal plant containing
in its stigmas many metabolites, among which the carotenoids crocin,
crocetin and lycopene and the xantophyl zeaxanthin [58]. Crocin and
crocetin are the main bioactive components [59], which can promptly
be absorbed through the gastrointestinal tract, diffuse into organs and
easily traverse the blood brain barrier (BBB) [60]. They have shown a
protective effect on the integrity of the BBB during cerebral ischemia
[61], which effect could likely be transposed also on the protection
of the blood retinal barrier (BRB) during degenerative retinopathies,
such as in AMD or DR [62]. The neuroprotective properties of saffron
have been demonstrated in several ophthalmic pathologies and
attributed to the important anti-inflammatory, antioxidant, and anti-
apoptotic properties of its bioactive components [63]. In glaucoma,
retinal ischemia triggers neuronal cell death. Crocin and crocetin
blunt oxidative stress and inhibit RGC death in mouse and rat models
of ischemia/reperfusion [64-66]. Excitotoxicity by N-methyl-D-
aspartate (NMDA) released by dying RGC is a common event during
glaucoma progression [19]. Oral administration of crocetin prevented
the inner retinal damage induced by intravitreal injection of NMDA
in mice, by inhibiting the caspase pathway [67]. Most recently, a
mouse model of laser-induced ocular hypertension (OHT) has been
used to show the anti-inflammatory and neuroprotective effects of a
saffron extract titrated to 3% in crocin. Both gliosis and RGC death
were efficiently prevented by crocin oral supplementation in OHT
eyes [68]. Clinical studies with saffron used so far IOP as the sole
endpoint. Daily oral administration of 30 mg of a saffron infusion
for three weeks produced an IOP decrease in POAG patients [69],
whilst a discontinuous (twice per week) oral treatment with an even
higher amount of 1 gr for a month gave no variation on the IOP [70],
suggesting that continuity of treatment rather than dose could be the
relevant strategy. The toxic effects of saffron become evident for daily
doses higher than 5 g [71]. Therefore, since its human therapeutic use
is in the range of milligrams, it has virtually no toxicity [72].

Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a natural phenol,
a phytoalexin naturally produced by several plants (it can be found
in foods such as grapes, peanuts, blueberries, and dark chocolate) in
response to microbiological attacks [73]. It is endowed with potent
anti-oxidant and anti-inflammatory properties, which are likely
responsible for its cardioprotective [74], neuroprotective [75], and anti-
aging effects [76]. In fact, resveratrol has shown neuroprotective effects
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in neuroinflammatory and neurodegenerative diseases like stroke and
Alzheimer’s disease [77,78]. Most interestingly, resveratrol has been
shown to blunt the damage of ischemic brain injuries [79], likely by
preserving brain mitochondria function after ischemic/reperfusion
damage [80], and extend the lifespan of organisms from yeast to
mammals [81]. All these beneficial activities of resveratrol appear to
be mainly mediated by its stimulating effect on AMPK [82], which
in turn stimulates the activity of SIRT1 (the mammal homologue of
Sir2), the longevity-associated gene [83]. Several preclinical evidence
support the efficacy of resveratrol in controlling the glaucomatous
disease. In primary trabecular meshwork (TM) cells subjected in
vitro to chronic oxidative stress (40% O,) resveratrol treatment
blunted the production of free radicals and inflammatory markers
(ILla, IL6, IL8, and ELAM-1), also exerting antiapoptotic effects
[84]. In a mouse model of glaucoma induced by clogging of the TM,
intraperitoneal injections of resveratrol partially protected RGC from
apoptotic cell death [85]. RGC dendrites protection by resveratrol was
demonstrated in mice fed for one year with a resveratrol supplement,
and then subjected to ON crush, which simulates the compression at
the ONH further to acute IOP elevation. In this case the protective
effect appeared to be associated with increased expression of the
nuclear C/EBP homologous protein and the nuclear X-box-binding
protein-1 [86]. Intravitreal injection of resveratrol could mitigate the
retinal ischemic injury in a rat model system of ischemia/reperfusion
obtained by a sudden elevation of the IOP, simulating an angle closure
glaucoma. In this case the effect was related to the containment of
the upregulation of matrix metalloproteinase-9, heme oxygenase-1
(HO-1), and inducible nitric oxide synthase [87]. Mitochondrial
protection by resveratrol treatment was shown in hypertensive model
systems in vitro with RGC5 neuronal cells, and in vivo in rats fed
with a resveratrol supplement before artificial clogging of the TM.
In both systems neuronal cells improved mitochondrial function
and survival was dependent on the activation of the AMPK/SIRT1/
PGC-1a signaling pathway, which is a critical pathway regulating
mitochondrial biogenesis and function [88,89]. Finally, a critical
process in the development of glaucoma is neuroinflammation, which
is sustained by activated astrocytes producing cytotoxic mediators
triggering RGC apoptosis. Resveratrol given in vitro to astrocytes
under oxidative stress blunted their activation and improved their
survival by decreasing caspases activation, toxic Tau processing, and
neurofibrillar tangles formation [90]. Beside its direct neuroprotective
activity on RGC, resveratrol may also work to decrease IOP. Topical
administration of resveratrol eye drops in a rat model system
of steroid-induced hypertensive glaucoma [91] could decrease
by 25% the IOP via a mechanism involving adenosine receptors
[92]. This hypotonizing effect was correlated with higher levels of
metalloproteinase-2 in the aqueous humour (AH) and a decreased
TM thickness beside a restoration of the retinal morphology and its
redox status [92]. In the clinics, it has shown some degree of efficacy
in neurologic pathologies such as Alzheimer disease and Friedreich
ataxia [93], but no clinical data are available for glaucoma patients.

Melatonin is a very ancient molecule widely distributed in nature,
in the vegetal and the animal world [94]. Melatonin is best known
as a circadian regulator of sleep and other cyclical bodily functions
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[95]. Accordingly, melatonin is not produced only by the pineal gland,
but also by several other organs, thus influencing through paracrine
signaling the physiological functions of the whole organism [94] by
differential binding to its three receptors MT, , [96]. In the eye, it
is made by the retina [97], the ciliary body [98] and the lachrymal
gland [99]. Melatonin and its metabolites have antioxidant and
free radical scavenger activities including both reactive oxygen and
nitrogen species [100,101], thus protecting from oxidative damage
photoreceptors and other ocular tissues [102]. In preclinical studies
melatonin showed clear neuroprotective effects. In a mouse model
of ischemia/reperfusion of the retina after sudden IOP elevation,
intraperitoneally injected melatonin prevented the toxicity due to
the increased expression of the hypoxia inducible factor (HIF-1a)
and Muller cells gliosis, thus improving RGC survival [103]. In a rat
model of hypertensive glaucoma obtained by clogging of the TM,
subcutaneous implantation of a pellet slowly releasing melatonin
improved the antioxidant potential in the retina, decreased glutamate
excitotoxicity with the final results of improving RGC survival and
rescuing the retinal function as evidenced by the ERG [104]. In a
rabbit model of intravitreal glutamate toxicity, simultaneous melatonin
injection could blunt the oxidative stress and improve survival of
RGC by decreasing their apoptotic cell death [105]. In a recent work
with a rat model of hypertensive glaucoma obtained by episcleral
injection of hypersaline solution, the intravitreal administration of
Poly lactic-co-glycolic acid microspheres loaded with melatonin,
CoQ10 and dexamethasone releasing the drugs for over 30 days,
could preserve RGC from apoptotic cell death [106]. Interestingly, not
only melatonin, but also agomelatine, the novel MT1/MT2 receptor
agonist antidepressant, has shown significant neuroprotective features
[107]. Melatonin not only shields RGC from apoptotic death, but also
shows a direct effect on the IOP. Circadian changes of the IOP appear
to be linked to melatonin [108], which has shown hypotensive effects
on IOP [109], apparently mediated by the MT3 receptor [110,111].
Most recently, it has been shown that a nanomicellar formulation
of melatonin and agomelatin given topically as eye drops is able to
decrease by over 30% the IOP of normotensive rats, and by over
50% the IOP of hypertensive rats, after clogging of the TM [112].
Clinically, it has been reported that oral treatment with agomelatine
could further decrease by 30% on average the IOP of 10 glaucomatous
patients under maximum tolerated medical therapy (MTMT) with
different hypotonizing drugs [113].

Cannabinoids are naturally present in our organism - including
eye tissues and the retina - as endocannabinoids: anandamide,
2-arachidonoylglycerol and palmitoylethanolamide [114,115].
Phytocannabinoids (pCBs: agonists of the endocannabinoid receptors
CB1 and CB2) are the active molecules found in cannabis (Cannabis
sativa), and are mainly represented by A-9-tetrahydrocannabinol
(THC), cannabinol and cannabidiol. THC is the molecule mainly
responsible for the psychoactive effect of marijuana, while cannabinol
is much less a psychotropic agent, and cannabidiol is not psychoactive
atall [116]. Phytocannabinoids (much of all THC) have shown efficacy
both as modulators of the IOP [117,118] and as neuroprotective
agents [119]. It is likely the interaction of pCBs with the CB1 receptor
that can lower the IOP by modulating production and outflow of
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AH [120,121]. The neuroprotective activity possibly depends on the
antioxidant and antinflammatory effects of pCBs [122]. However,
their psychotropic activity did not allow their free systemic use
in ophthalmic diseases [123]. A valid alternative could be a topical
formulation given as eye drops. Indeed, THC in nanotechnological
formulations topically administered to normotensive rabbit’s eyes
could reduce the IOP by 30% of the baseline value [124]. In a case
report observation, oily based galenic ophthalmic formulations of
pCBs with different proportions of THC and cannabidiol were given
to patients unresponsive to drug treatments, however with little effect
on the IOP. Only one patient with open angle glaucoma secondary
to Fuchs heterochromic iridocyclitis had a partial response, probably
due to the antinflammatory effect of the formulation with a higher
content of THC [125].

Forskolin is a labdane diterpene extracted from the roots of the
plant Indian Plectranthus barbatum (Coleus forskohlii). It is a lipid-
soluble molecule that can cross cell membranes, thus working as a
receptor independent activator of adenylate cyclase, finally resulting in
the intracellular increase of cyclic adenosine monophosphate (cAMP)
and cAMP-mediated functions [126]. Forskolin lowers IOP [127] by
two independent and original mechanisms, both triggered by cAMP
elevation: it decreases net secretion of AH by the ciliary body by a
mechanism that involves the chloride channels and a reabsorption
of AH from the posterior chamber into the stroma [128,129]; and
by enhancing AH outflow through the TM by a mechanism that
involves cell actin cytoskeleton disassembly through PKA activation
and Rho kinase inhibition [130]. None of the existing glaucoma
drugs (carbonic anhydrase inhibitors, beta-blockers, alfa-agonists,
prostaglandin analogs) has similar mechanisms of action, therefore it
might be expected that forskolin effects add upon those of such drugs.
In fact, a clinical study in which POAG patients under MTMT were
treated with a food supplement containing forskolin and rutin - an
antioxidant and vasoactive ingredient [131] - showed that the food
supplement resulted in a further decrease of the IOP, independent of
the drug that the patients were taking [132,133]. Moreover, forskolin
is also endowed with direct neuroprotective activities, mediated
by the activation of paracrine signaling, due to the induction of the
neurotrophin BDNF (brain derived neurotrophic factor) expression
by astrocytes and vascular endothelial cells [134,135] and to the
translocation of its receptor TrkB to the neuron cell membrane [136].
Preclinical data with a rat model system of hypertensive glaucoma
obtained by clogging of the TM confirmed both the IOP control and the
neuroprotective efficacy of oral forskolin [137]. Clinical data further
corroborated the double efficacy of forskolin-based oral supplements.
In a randomized, controlled clinical trial on 45 patients affected by
POAG compensated by topical drugs, the 30 patients taking the food
supplement with forskolin and rutin experienced during the 6 months
of the trial a progressive decrease of the IOP and a concomitant
increase of the PERG amplitude, suggesting an improvement of RGC
survival [138]. Forskolin is also the basis of another association, with
homotaurine - a neuroprotective compound used in Alzheimer
[139] and Parkinson’s [140] disease - and carnosine, a wide spectrum
antioxidant neuroprotector [141,142]. Preclinical evidence on a rat
model of retinal ischemia/reperfusion obtained by sudden barometric
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increase of the IOP has shown a clear neuroprotective synergistic
effect of the association of the three compounds intravitreally injected
(143]. Improved RGC survival was reported, correlating with the
induction of PI3K/Akt, the inhibition of GSK-3f and the reduction
of calpain activity, all known to be linked to neurodegenerative
events [143]. Results from a randomized, controlled clinical trial
on 22 patients affected by POAG with IOP compensated by topical
drugs, showed that patients taking the oral supplement containing
the three components had a significant further decrease of their IOP,
an improvement of PERG amplitude at 6, 9, and 12 months, and of
foveal sensitivity at 12 months, whilst all the above values remained
stable in untreated control patients [144]. Most recently, a new
association of forskolin with homotaurine and spearmint extract
- rich in polyphenols and rosmarinic acid with antinflammatory
and anti-oxidative effects, likely preventing neuron degeneration
[145] - has been tested in a mouse model of ON crush, simulating
the sudden compression at the ONH during acute glaucoma. The
oral supplementation of forskolin, homotaurine, spearmint extract,
and vitamins of the B group resulted in a significant improvement of
RGC survival, correlating with a preservation of the ERG photopic
negative response, which depends on the RGC health status, and with
a decrease of inflammatory cytokines and pro-apoptotic markers
[146]. Similar results were also obtained in a mouse model in which
RGC degeneration depends on progressive IOP elevation, obtained by
intracameral injection of polyetylen-glycol, which clogs the TM and
decreases AH outflow [147].

Vitamins have been suggested as potential neuroprotective agents,
and a recent metanalysis found relevant associations with vitamins
A and C [148]. Deficiency of vitamins of the B complex has been
reported in patients with glaucoma [148,149], which specifically
showed significant lower serum levels of vitamins Bl and B12
[150,151]. Insufficient amounts of vitamins B6, B9 and B12 may lead to
increased levels of homocysteine [152,153], known to be toxic to RGC
[154], and found in relevant amounts in the AH and plasma of POAG
patients [155]. A recent meta-analysis showed a high prevalence of
hyperhomocysteinemia in patients with pseudoexfoliative glaucoma
[156], which another study associated with decreased levels of vitamin
B6, B9 and B12 [157]. Accordingly, increasing vitamin B9 intake
appeared to lower the risk of pseudoexfoliative glaucoma probably
by reducing homocysteine levels [158]. Vitamin C is an antioxidant,
and an important factor involved in tissue repair [159]. Biochemical
analyses have shown that the glycosaminoglycan content of TM in
healthy subject is different from that of POAG patients, which contains
less hyaluronic acid (HA) and more chondroitin sulfate [160]. Vitamin
C stimulates the synthesis and secretion of HA in TM cells, more in
those cells derived from a glaucomatous eye than from a normal eye,
thus re-equilibrating the production of extracellular matrix (ECM)
glycosaminoglycans [161]. Addition of vitamin C supplements was
found to be associated in a dose-dependent way with decreased
prevalence of glaucoma in a population sample in the United States
[162]. In a large cross-sectional study on Afro-American women, a
correlation has been described between higher consumption of food
rich in vitamins A and C and carotenoids and a decreased incidence of
glaucoma [163]. In a different epidemiologic evaluation, NTG patients
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were found to have lower blood levels of vitamin C and increased
levels of uric acid [164]. Vitamin C has a role in maintaining lysosomal
function and correct protein turnover in TM cells; therefore, an
insufficient concentration of vitamin C in plasma and AH may alter
the physiological function of TM cells, resulting in a decreased outflow
capability and an increase of the IOP [165]. Vitamin E is a strong
antioxidant [166]. Several studies on glaucoma patients have reported
low levels of vitamin E in their blood [162,167] or AH [168]. A low
intake of Vitamin A as retinol equivalents appears to be associated
with an increased risk of POAG [150]. Vitamin D plays a role in the
signaling pathways related to bone and mineral metabolism, cellular
proliferation, immune modulation, and oxidative stress [169,170]. A
high prevalence of vitamin D deficiency is observed in patients with
glaucoma, confirmed by low circulating amounts of vitamin D in
these subjects [171,172]. Metabolomic analysis on plasma samples
from 72 POAG patients compared to 72 healthy controls revealed
alterations of vitamin D metabolic pathways correlating with vitamin
D insufficiency in POAG patients [173]; moreover, the presence of
specific vitamin D receptor polymorphisms were found to be relevant
risk factors in the development of glaucoma [174]. Accordingly, other
studies have reported low serum levels of vitamin D in POAG patients
[175].

OCULAR SURFACE DYSFUNCTION (Dry Eye)

The most recent definition of the dry eye syndrome by “The Tear
Film and Ocular Surface Society Dry Eye Workshop Report”, defines
the key points and possible therapeutic targets of the disease. Dry eye
is “a multifactorial disease of the ocular surface” leading to tear film
instability in which “hyperosmolarity, ocular surface inflammation,
and neurosensory abnormalities play etiological roles” [176]. The
etiology of dry eye is complex, and no cure for it is available. Artificial
tears provide a way to blunt signs and symptoms of the disease, but with
limited efficacy, both in terms of intensity and duration. Therefore,
there is an increasing interest in the use of nutritional supplements
as a complementary approach for the prevention and management of
the dry eye syndrome [177]. Many scientific reports have highlighted
an association between incidence and severity of dry eye disease and
nutritional deficiencies [178-183]. The identification and appropriate
use of nutraceuticals able to work on dry eye may provide insights
into dry eye pathogenesis and increase the efficacy of conventional
therapies.

Polyunsaturated Fatty Acids

Among dietary supplements, there is a growing interest in the use
of polyunsaturated fatty acids (PUFAs) to prevent or alleviate signs and
symptoms of dry eye [184,185]. PUFAs are involved in the synthesis of
photoreceptor outer segment disks, and in ocular surface physiology;
therefore, they are essential for proper visual development and retinal
function [186]. PUFAs can be grouped into two main families:
omega-3 and omega-6 [187]. The omega-3 include docosahexaenoic
acid (DHA), eicosapentaenoic acid (EPA) and alpha-linolenic acid
(ALA), while omega-6 include linoleic acid (LA), gamma-linolenic
acid (GLA) and arachidonic acid (AA). Multiple clinical trials looked
at the effect of omega-3 and omega-6 supplements in the treatment of
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dry eye syndrome. Miljanovi¢ et al., evaluated the association between
the dietary intake of different ratios of omega-3 and omega-6 and dry
eye syndrome occurrence in a large cross sectional study on women.
Results showed that women with a higher dietary intake of omega-3
had a lower prevalence of dry eye symptoms and that a high ratio of
omega-6/omega-3 (>15:1) was associated with a greater prevalence
(more than 2-folds) of dry eye syndrome [188]. A meta-analysis of
9 randomized controlled trials (collected between 2002 and 2011) on
PUFAs dietary supplements reported an improvement of the burning
sensation and reflex lacrimation in dry eye patients assuming PUFAs
[189]. A similar meta-analysis of other 7 randomized controlled trials
collected from 2007 to 2013 reported not only the improvement of the
above symptoms, but also an improvement of signs like Schirmer Test
and Tear Break Up Time [190].

Meibomian gland dysfunction (MGD) is a chronic disease of the
homonymous glands [191-193], leading to altered secretion of the tear
film lipid layer, finally resulting in increased tear evaporation and tear
osmolarity, a trigger for dry eye signs and symptoms [191-193]. One
key factor of the potential benefits of systemic supplementation with
PUFAs is the evidence that dietary fatty acids can be incorporated in
lacrimal gland phospholipids [194-196]. Wojtowicz et al., explored
the potential effect of dietary supplementation with omega-3 on lipid
composition in a case-control trial, where treated patients received
for 90 days fish oil, containing 450 mg of EPA, 300 mg of DHA, and
1000 mg of flaxseed oil (rich in ALA). At the end of the study, most
of the patients (about 70%) became asymptomatic with an increment
of tear secretion [197]. Another study recruiting a large sample of
postmenopausal women, showed that high omega-3 consumption
and moderate omega-6 consumption were protective against MGD
[198]. Tear film hyperosmolarity is a focal event in dry eye syndrome
[199]. In a double-blind, randomized, parallel trial, consumption of
sea buckthorn oil (high in omega-3 and omega-6 fatty acids) for 3
months attenuated the increase in tear film osmolarity during the cold
season and positively affected symptoms in dry eye patients [200].
Furthermore, a moderate daily dose of long-chain omega-3 PUFAs
given over three months reduced tear osmolarity and increased tear
stability in subjects with dry-eye disease [201]. In a different clinical
study on patients with contact lens associated dry eye, 6 months of
oral treatment with evening primrose oil rich in the omega-6 GLA
resulted in improvements in dryness symptoms at 3 and 6 months
and in overall lens wearing comfort at 6 months [202]. Oleifiik et al.,
evaluated efficacy and tolerability of a food supplement containing
a combination of omega-3 and antioxidants (a mixture of DHA
1050 mg, EPA 127.5 mg, DPA 90 mg + vitamins C/E and GSH +
trace elements) on dry eye related symptoms in patients under
treatment with artificial tears [203]. After 12 weeks, treated patients
showed a significant improvement of symptoms with a lesser need of
using artificial tears and a better tolerance to contact lens wearing.
Comparable outcomes were achieved with treatment administered
for shorter periods of time [204] or with lower concentrations of
omega-3 PUFAs [205]. In another recent study, dietary omega-3 fatty
acids administration showed efficacy in alleviating computer work-
related dry-eye symptoms, associated with altered tear evaporation
rate (Figure 2) [206].
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Figure 2: Eye dryness and ocular surface dysfuntion. The malfunctioning of one ore more components of the ocular surface functional unit may lead to pathologic alterations of the ocular
surface eventually causing eye dryness, discomfort and pain (upper panel). Some food supplements have been shown to prevent and/or alleviate symptoms and signs of dry eye (bottom panel).

Chronic inflammatory processes associated to immunologic
activation have a pivotal role in dry eye pathogenesis [207,208] and
PUFAs have been shown to have significant anti-inflammatory activity
[209], which might turn beneficial in avoiding the excessive damage
caused by chronic inflammation. In a mouse dry eye model induced
by scopolamine injection in a dry environment, treatment with topical
ALA for 9 days resulted in a significant decrease of inflammatory
cytokines like TNF-q, and a reduction of corneal fluorescein staining
in comparison to untreated controls [210]. Barabino and colleagues
investigated the efficacy and anti-inflammatory activity of oral
supplements of systemic w-6 (LA and GLA) given twice per day for
45 days, on chronic ocular inflammation in patients with dry eye.
They observed an improvement in symptoms and ocular surface
inflammation in the study group patients when compared to controls
[211]. A recent prospective case-control study showed that patients
receiving an oral combination of antioxidants and omega-3 PUFAs for
3 months displayed reduced tear levels of inflammatory mediators such
as the interleukins: IL-1b, IL-6, and IL-10 [212]. Brignole-Baudouin
et al,, in a multicentre trial, demonstrated that supplementation with
omega-3 and omega-6 fatty acids can reduce the ectopic expression
of the HLA-DR inflammatory marker and may help to improve dry
eye symptoms [213]. Prostaglandins are well-known inflammatory
mediators, playing a key role in the modulation of the inflammatory
response in dry eye disease [214]. More specifically, tear levels of
prostaglandin-E2 are known to be positively correlated with dry eye
symptoms [215,216]. Black currant seed oil, rich in GLA and ALA,
has been shown to modulate cell membrane lipid composition and
eicosanoid production, finally reducing prostaglandin-E2 production
[217]. Cermak et al. highlighted that in women with primary or
secondary Sjogren’s syndrome (a systemic autoimmune inflammatory
disease of the exocrine glands, including the lacrimal gland, thus
resulting in a serious dry eye syndrome [218]), the intake of LA, and
other specific PUFAs was significantly lower with respect to gender
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matched controls [219]. In another clinical trial involving 20 patients
with primary Sjogren’s syndrome, an oral mixture of omega-6 induced
a significant increase in anti-inflammatory PGE-1 content in tears,
improving the symptoms of ocular discomfort and the signs derived
from corneal epithelial defects [220]. The drug cyclosporine, present
in eye drops approved for the treatment of dry eye disease [221],
prevents T-cell activation and production of inflammatory cytokines,
therefore breaking the inflammatory cycle of autoimmune dry eye
disease and increasing the production of tears and mucin-producing
Goblet cells in the conjunctiva [222]. However, the use of cyclosporine
is not free from side effects which depend on the dose used; therefore
it is important to maximise its effects in order to use lower doses. To
this purpose, the effects of topical cyclosporine on dry eye signs and
symptoms has been evaluated either alone, or in association with a
prescription-only medical food supplement containing omega-3 and
omega-6 PUFAs acids. It has been reported that a proper balance of
omega-3 and omega-6 essential fatty acids could indeed improve the
efficacy of cyclosporine on tear break up time and patients’ symptoms
[223]. PUFAs have also proven to be effective in dry eye syndrome
further to autoimmune rosacea disease. In fact, in rosacea patients
which develop dry eye, diet supplementation with omega-3 for 6
months ameliorated dry eye parameters such as tear breakup time and
Schirmer score [224].

Vitamins D and A

A nutritional deficiency, often associated to dry eye, is the lack of
vitamin D [177,178,180,182,183]. Patients with vitamin D deficiency
have a higher risk to develop dry eye disease [225]. The correlation
of Vitamin D levels and inadequate sunlight exposure with severity
of dry eye syndrome was highlighted in a recent study on Korean
adults, concluding that sufficient sunlight exposure or vitamin D
supplementation may attenuate signs and symptoms of dry eye [183].
Furthermore, an interesting correlation has been shown between
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single nucleotide polymorphisms in the vitamin D receptor gene
and the incidence of dry eye disease in the Chinese Han population
[226]. Vitamin D deficiency is relatively frequent in patients with
primary Sjogren syndrome and also in this case its serum levels
correlate with the severity of dry eye parameters [182,227,228]. In a
retrospective observational study, in which subjects were divided into
3 groups according to serum Vitamin D levels (sufficient, inadequate
or deficient group), tear break-up time and tear secretion were lower
in the vitamin D-deficient group compared to the sufficient group
[229]. In a recent work Dikci et al. observed that vitamin D deficiency
may cause conjunctival squamous metaplasia and loss of goblet cells
on the ocular surface in the eyes of 36 patients with mild to severe
dry eye [230]. Inflammatory reactions and oxidative damage are
common findings in dry eye, and in fact a study run on 217 patients
(397 eyes) either normal or with various severity of dry eye has shown
a correlation between its severity and the amount of oxidative tissue
damage and polymorphonuclear leucocytes infiltration [231]. Within
this frame, Eksioglu et al. evaluated the antioxidant effects of active
vitamin D against high-dose radioiodine therapy-associated oxidative
damage of the lacrimal gland in Wistar albino rats. Radioiodine caused
significant oxidative stress and inflammation in lacrimal glands and
vitamin D could blunt these effects, thus showing anti-inflammatory,
antioxidant and radio-protective effects [232]. As mentioned before,
chronic inflammatory events further to immunologic activation
have a pivotal role in dry eye pathogenesis, and vitamin D is known
to have immunomodulatory properties [179]. Further research
on experimental animal models has provided evidence about the
antinflammatory and immunomodulatory roles of vitamin D on
the ocular surface, particularly in the cornea [233,234], and clinical
data confirmed that a low serum vitamin D level is associated
with different pathological states, such as autoimmune diseases,
lymphoma, or neuropathy [218]. Reins et al. highlighted that vitamin
D modulates the expression of inflammatory cytokines and protects
corneal epithelial barrier function [180,235,236]. Antigen presenting
Langerhans cells resident in the ocular surface epithelia have a role
in aqueous tear-deficient dry eye pathogenesis [237], and topical
administration of vitamin D can suppress ocular surface inflammation
via inhibition of the increased Langerhans cells migration into mouse
corneas [234]. The activation of inflammatory ROS-NLRP3-IL1B
signaling axis induced by hyperosmotic stress has been recognized as
a key priming stage of epithelial inflammation in dry eye pathogenesis
[238,239]. Vitamin D has shown the ability to inhibit this signaling
axis in human corneal epithelial cells under hyperosmotic stress
via the activation of a competitive antioxidant signaling cascade
dependent on the activation of Nrf2, a transcription factor regulating
the expression of genes coding for antioxidant proteins [240]. Shetty et
al. investigated the correlation between levels of serum vitamin D and
tear-inflammatory proteins. They found that decreased serum vitamin
D was significantly associated with higher levels of inflammatory
interleukin IL-17A/F, interferon-y, monocyte chemotactic protein 1,
intercellular adhesion molecule 1, IL-4, IL-10, and decreased levels of
antinflammatory IL-2 in tears of dry eye patients in comparison to
healthy controls [241]. Altered tear fluid soluble factors with potential
to modulate nociception exhibited a distinct association with the
ocular surface discomfort status [242]. Vitamin D deficiency was
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found to be associated with neuralgia and chronic pain. In a case
report it was observed that a vitamin D-deficient patient with corneal
neuralgia had relief from burning sensation and pain by vitamin D
supplementation, 1,000 IU/day, while topical therapies and lubricants
were not effective [243]. It is thus probable that low vitamin D could
contribute to the severity of ocular surface symptoms either by directly
influencing nociceptive mechanisms or by affecting the presence of
inflammatory cytokines [235,236,241,242]. Khamar et al., reported
the dysregulation of tear fluid nociception-associated factors, corneal
dendritic cell density, and vitamin D levels in dry eye patients. The
use of lubricants (artificial tears or biological tear substitutes) is one
of the strategies to manage dry eye symptoms [244,245], since tear
film instability can lead to ocular surface damage [246]. Hwang et al.,
showed that Vitamin D enhanced the efficacy of topical carbomer-
based lipid-containing artificial tears and Hyaluronic Acid (HA)
in patients with dry eye and it may be a useful adjuvant therapy for
patients with dry eye syndrome refractory to topical lubricants [247].

Vitamin A deficiency has also been suggested to be a contributory
factor in the development of dry eye disease [248-250]. Vitamin A is
essential for multiple functions in mammals including vision [251];
in fact it is a precursor in the formation of the rod photopigment
rhodopsin [252]. An adequate consumption of vitamin A avoids
night blindness, exophthalmia [253,254] and its deficiency is the main
cause for blindness among children in third world Countries [255].
Apoptotic death of corneal epithelial cells is part of the pathological
process of dry eye [256,257]. Vitamin A has been found to be able to
prevent this event in a mice model of dry eye induced by benzalkonium
chloride by decreasing the ratio between the pro-apoptotic gene Bax
and the anti-apoptotic gene Bcl-2 [258]. In a recent clinical study on
dry eye patients, tear ferning grades and tear osmolarity values were
improved after vitamin A supplementation at a daily dose of 1,500 mg
for 3 days [259].

Lactoferrin

Lactoferrin deficiency in tears is a frequent finding in dry
eye disease, especially in the elderlies [260]. Lactoferrin is a
glycoprotein with several functions, including anti-inflammatory and
antimicrobial, as well as promotion of cell growth, antiangiogenic
and antitumoral [261]. Lactoferrin represents around 25% of tear
proteins, with an average concentration in healthy subjects of 1.42 mg/
mL [262]. Its concentration decreases with prolonged closure of the
eyelids, as it happens during sleep [263]. Lactoferrin concentration is
also decreasing with age [264], and the decrease of its concentration
in tear fluid correlates with the severity of dry eye disease [265-268].
Shimmura et al. reported a protective effect of lactoferrin against
oxidative cellular damage in cultured corneal epithelial cells [269].
Accordingly, Fujihara et al. showed that lactoferrin eye drops may
suppress the loss of corneal epithelial integrity produced in rabbits’
eyes by an ocular speculum blocking blinking [270]. Patients affected
by Sjogren’s syndrome with dry eye symptoms and receiving 270
mg/day oral lactoferrin supplementation, showed improvements of
both symptoms and tear film stability. This improvement reverted on
cessation of treatment [271]. Moreover, oral lactoferrin administration
preserves lacrimal gland function in aged mice by attenuating oxidative
damage and suppressing subsequent gland inflammation [272]. Small
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incisions during cataract surgery may induce post-surgical dry eye,
in which case oral lactoferrin may improve such condition [273].
Higuchi et al. showed the efficacy of Selenium-containing lactoferrin
eye drops in a tobacco smoke exposure rat dry eye model and a short-
term rabbit dry eye model of blinking block [274]. Rusciano et al.
described the potential use of lactobionic acid, a functional mimetic
of lactoferrin, in the management of age-related dry eye [260], and
its efficacy is supported by the results of a recent study showing that
lactobionic acid —with or without hyaluronic acid—favored wound
healing both in vitro and in vivo, through an improvement of re-
epithelization and the reduction of inflammatory markers [275].

Amino Acids

Amino acids are the building blocks of proteins and are essential for
the construction and the functioning of the entire organism [276,277].
Amino acids are naturally present in human tears and their imbalance
or deficiency could contribute to the development of the pathologies
affecting the ocular surface [278]. Two different studies have reported
that the concentration of amino acids is different in human tears and
in serum [279,280] and that tear concentration changes in patients
affected by ocular dryness [280,281]. As mentioned before, we
know that chronic inflammatory events have a pivotal role in the
pathogenesis of dry eye [207,208], and several studies have indicated
that amino acids are involved in antinflammatory processes [282-284].
Dietary supplementation of arginine can enhance wound healing,
regulate endocrine activity and potentiate immunity [285]. Glutamine
may improve immunocompetence, thus reducing the susceptibility
to infections and favoring the recovery of the seriously ill, therefore
minimizing their hospital stay [286-292]. Branched chain amino
acids (BCAAs), including leucine, isoleucine, and valine, play critical
roles in the regulation of energy homeostasis, nutrition metabolism,
gut health, immunity and disease in humans and animals [293].
BCAAs have shown anti-inflammatory and anti-genotoxic activity in
lipopolysaccharide (LPS) stimulated RAW 264.7 macrophages [294].
In a randomized, double-blind, placebo-controlled study, Dunn-
Lewis et al. evaluated the antinflammatory properties and the capacity
of improving physical performance of a multi-nutrient supplement
containing leucine, isoleucine, valine, taurine plus anti-inflammatory
plant extracts, and B vitamins. They reported that the multi-nutrient
supplement was effective in improving the inflammatory status in
both men and women, ameliorating the markers of pain, joints’ pain,
strength, and power in men only, and both anxiety and balance (a
risk factor for hip fracture) in women [295]. Refractive surgery may
alter ocular surface homeostasis and Meibomian gland function,
thus leading to the development of dry eye signs and symptoms
[296-299]. Two different studies reported that oral administration of
an amino acids mixture promotes the recovery and maintenance of
corneal stroma health after refractive surgery [300,301]. In the first,
Vinciguerra et al., demonstrated that oral supplementation of amino
acids improved the healing rate of patients subjected to photorefractive
keratectomy (PRK) and had shown re-epithelization defects, by
favoring keratocyte growth and repopulation of the corneal stroma
[300]. In the second study, Torres Munoz et al. reported that oral
supplementation with a mixture of 13 different amino acids favored
an active healing process and the remodelling of the stroma in patients
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operated of cataract surgery, by inducing growth and migration of
stromal cells [301]. The identical oral supplement with 13 amino acids,
used in the previous study, was also used by Roszkowska (Roszkowska,
2006, personal communication). The analyses of the corneal epithelium
removed from patients during the procedure of PRK showed
that amino acid treatment resulted in decreased EGF expression,
suggesting a low proliferation rate of epithelial cells and keratocytes
(hence, a decreased risk of scar formation); an increased expression of
TGEp, correlating again with decreased keratocyte proliferation and
increased motility of epithelial cells (hence, faster re-epithelization);
and a significant increase in the expression of polyamines, suggesting
regulated differentiation and proliferation. Meduri et al. gave to
patients undergoing PRK a cysteine oral supplement at a daily dose
of 200 mg, then reporting shorter times for re-epithelization in
comparison with eyes of untreated controls [302]. Observations at
the confocal microscopy of the cornea of dry eye patients treated
with eye drops containing HA and amino acids showed less hyper-
reflecting cells in the epithelial layers (a sign of metabolic damage)
in comparison to those receiving HA alone; nerve tortuosity in the
subepithelial layer was also improving faster and better in the presence
of topic amino acids [303]. The administration as eye drops of the
amino acid taurine changed the tear proteome of contact lens wearers
and dry eye patients shifting it towards the profile of healthy control
subjects [304]. Taurine has then been included in a contact lens
cleaning solution because of the regenerative effect on the tear film
of contact lens wearers [305]. Taurine in combination with sodium
hyaluronate has shown antioxidant and osmoprotective activity in in
vitro and in vivo models of dry eye [306]. In albino rabbits, taurine
effectively protected ocular surface tissues from chemical damage
induced by hypochlorous acid, and arrested the progression of tissue
damage (as measured by the level of lactate dehydrogenase activity)
that had already been initiated by hypochlorous acid [307]. A mixture
of taurine, alpha-ketoglutarate, pyruvate and pantothenate prevented
corneal damage induced by 2-chloroethyl-ethyl sulfide [308]. Taurine
could protect corneal stroma and epithelium from lactic acidosis
caused by contact lens wearing [309], because of its acid buffering
ability against lactic acidosis [310].

DIABETIC RETINOPATHY

Diabetic retinopathy (DR) is a multifactorial microvascular
complication of diabetes mellitus caused by damage to the blood
vessels of the retina, the light-sensitive tissue located at the back of
the eye. DR has been included by the World Health Organization in
the priority list of eye diseases which can be partly prevented, but not
cured yet. In its early stages, DR may cause only mild vision problems
but, over time, persistent high blood sugar levels can lead to the
obstruction of the tiny blood vessels that nourish the retina, cutting off
its blood supply. As a result, the eye reacts by triggering an abnormal
growth of new retinal vessels, causing micro-hemorrhages and edemas
in the macular region, thus leading to severe visual impairment and
eventually blindness. These intra-retinal microvascular changes
are used to classify DR into non-proliferative diabetic retinopathy
(NPDR) and proliferative diabetic retinopathy (PDR). NPDR is
characterized by a complex array of vasodegenerative lesions within
the retinal microvascular bed, such as thickening of capillary basement
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membranes (BMs), loss of pericytes and vascular smooth muscle cells,
capillary occlusion and microaneurysms [311]. PDR is caused by an
abnormal growth of new blood vessels (retinal neovascularization)
in response to inflammation and/or ischemic damage and hypoxia,
eventually giving rise to vitreous hemorrhages and tractional retinal
detachment. A direct consequence of inner blood-retinal barrier
(iBRB) breakdown is the development of macular edema. Retinal
neovascularization and macular edema are the result of increasing
secretion of pro-inflammatory cytokines, and pro-angiogenic growth
factors, among which predominates the vascular endothelial growth
factor (VEGF) [312]. The retina is a highly metabolic active tissue,
and high-glucose concentrations are particularly detrimental to its
functioning. Asreported by Sayin and collegues, chronic hyperglycemia
is the main risk factor for DR because of its toxic effects on pericytes,
to which vascular endothelial dysfunction may follow, also involving
the retina [313]. A chronic hyperglycemic status will activate
alternative energetic and metabolic pathways besides glycolysis,
generating a toxic oxidative stress leading pericytes to apoptotic
death, and causing vascular degeneration in the retina [314-316]. The
physiopathology of DR could be represented by a pyramidal scheme
in which the hyperglycemic state is at the bottom of the pyramid,
immediately topped by oxidative stress, lipid peroxidation, apoptosis,
mytochondrial alterations, leading to endothelial dysfunction and
finally to retinal damage and neurodegeneration [317-319]. Under
normal conditions, a certain amount of reactive oxygen species (ROS)
can be tolerated, because they derive from the metabolic processes
necessary to sustain cellular proliferation, differentiation and their
physiological activities; however, if the production of free radicals
overwhelms the capacity of the antioxidant defenses, the normal
cellular metabolism will be disrupted by oxidative stress, degrading
nucleic acids, proteins and enzymes, eventually leading to organ
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and tissue pathologies, such as DR [320]. Kowluru et al. [321] and
Kastelan et al. [322] have demonstrated that oxidative stress not only is
involved in the physiopathology of DR, but also hinders its remission
when glycemic values return within the normal interval. Typically,
metabolic pathways altered in DR (polyol, hexosamine and protein
kinase C pathways) lead to ROS imbalance, or result from oxidative
stress, giving rise to advanced glycation end products (AGE). It is well
known that visual impairment is already manifest in the early stages
of DR, but currently no efficient treatment has been found to arrest
its progression. Treatments have been developed for the late stages,
and PDR can be treated or at least contained by pan-retinal laser
photocoagulation, vitreoretinal surgery, or intravitreal injections of
anti-inflammatory and anti-angiogenic drugs, even though retinal
and visual function integrity cannot be preserved. Therefore, effective
treatments for all stages of DR are needed to help in preventing or
delaying the development and progression of this diabetes-induced
visual dysfunction [323]. Most recently [324], it has been suggested
to implement the use of nutraceuticals, which may act upstream the
disease, reducing neuronal stress and favoring neuroprotection, in
order to slow down its progression. Considering that antioxidants can
act as free radical scavengers providing protection against oxidative
stress, a good strategy could be to use nutrients with antioxidant and/
or anti-inflammatory activity and a good safety profile. In fact, in the
last years the optimization of the glycemic and lipidemic control by
a correct dietetic regimen has been shown to be of great relevance
in controlling diabetes progression and its complications [325,326].
Thanks to their low toxicity in comparison to drugs, the use of food-
derived bioactive molecules can be considered a good strategy to
contrast the risk factors contributing to DR. In this paragraph, we will
sum up the effects of nutritional strategies used as adjuvant therapies,
on the different pathways involved in the physiopathology of DR
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Figure 3: Diabetic retinopathy. Diabetic retinopathy is a frequent complication of diabetes, and mainly results from the oxidative stress and the inflammatory events triggered by the continuous
hyperglycemic state of the organism and the retinal vasculature. Initially, local injuries are visible (NPDR), eventually leading to the proliferation of new vessels in the macular area (PDR) and
the loss of sight (upper panel). The food supplements that have been shown some efficacy in slowing down the progression of DR have antioxidant, antinflammatory and vasoprotective activities
(bottom panel).
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(Figure 3).
Polyunsaturated Fatty Acids (PUFAs)

A healthy diet widely known and appreciated is the Mediterranean
diet, rich in vegetables, fish and extra virgin olive oil containing
antioxidant and anti-inflammatory factors. Among these, we can
find phenolic antioxidants; gamma- and delta-tocopherols and
tocotrienols; long chain PUFAs: omega-6 and mostly omega-3,
from which DHA and EPA are derived; several carotenoids of which
lycopene may be the most active; isothiocyanates from cruciferous
vegetables; sulfur compounds from allium vegetables; terpenoids.
Interestingly, most of these health-promoting nutrients function, at
least in part, by raising the nuclear factor Nrf2 (nuclear erythroid
factor 2-related factor 2), responsible for the transcription of over
500 genes in the human genome, most of which have cytoprotective
functions [327]. The role of PUFAs in the retina has been intensely
studied for their involvement in regulating vascular function and
angiogenesis. Tikhonenko et al. have demonstrated, by transcriptomic
analysis in diabetic rats, that diabetes induced a downregulation of
retinal enzymes known as elongases, necessary to metabolize PUFAs.
This event resulted in a decreased content of retinal DHA, as well as
decreased incorporation of very long-chain poly unsaturated fatty acids,
particularly 32:6n3, into retinal phosphatidylcholine. This decrease in
n3 PUFAs was coupled with the presence of an inflammatory status
in diabetic retina, reflected by an increase in gene expression of the
proinflammatory markers IL6, VEGE and ICAM-1 [328]. Similar
results were obtained by a lipidomic analysis showing that the omega-3
long-chain poly unsaturated fatty acids metabolites derived from the
activity of cyclooxygenases and lipoxygenases, inhibit inflammation
and angiogenesis [329]. Connor and colleagues showed that in mouse
models of oxygen-induced retinopathy the dietary intake of omega-3-
and omega-6 PUFAs decreased the avascular area of the retina and
increased vessel regrowth after injury, thereby reducing the hypoxia-
induced pathological neovascularization. Moreover, while the intake
of omega-6 PUFAs increased the microglial production of the pro-
inflammatory and pro-angiogenic cytokine TNF-a, such increase was
prevented by the intake of omega-3 PUFAs, which are the precursors
of the mediators neuroprotectin-D1, resolvin-D1 and resolvin-El,
known to be potent inhibitors of neovascularization [330]. This anti-
angiogenic effect induced by omega-3 PUFAs on retinopathy in the
mouse eye is comparable in magnitude to treatment with an inhibitor
of VEGF [331]. Therefore, increased dietary intake of omega-3 PUFAs
could be a useful addition to anti-VEGF therapy to control pathological
retinal angiogenesis. Another important function of omega-3 PUFAs
is correlated with the attenuation of apoptotic events induced by
mytochondrial and endoplasmic reticulum oxidative stress by a
reduction of caspase-3 activity in adipocytes via AMPK activation, and
increased production of resolvins, a family of neuroprotector molecules
derived from EPA and DHA [332]. Overall, omega-3 fatty acids act on
different pathophysiological pathways of DR such as inflammation,
oxidative stress and neoangiogenesis, showing a remarkable potential in
the prevention of retinal disease progression.

Polyphenols

Polyphenols belong to a family of natural compounds characterized
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by one or more hydroxyl groups (OH) linked to a benzene ring.
These natural substances are present in a variety of foods including
grapes, berries, dark chocolate, coffee and tea to mention a few, and
are characterized by strong antioxidant and anti-inflammatory power,
so that they are widely used in the prevention and/or treatment of
different pathologies [316,324]. Several studies have shown that
dietary polyphenols exert a protective effect against progression of
age-related ocular abnormalities such as cataract, glaucoma, DR and
macular degeneration [333]. Based on their structure, polyphenols are
classified into non-flavonoid and flavonoid compounds. Flavonoids
consist of two phenolic rings linked to a pyranosic ring and are highly
represented in fruits, vegetables, roots, and wine.

Anthocyanins (anthos = flower and kyanos = blue) are a subgroup
of flavonoids, water-soluble pigments very common in the plant
kingdom and in many typical foods of the Mediterranean diet such
as blueberries, aubergines, peaches, oranges, figs, cherries and olives.
Consumption of foods rich in anthocyanins has been associated
with a reduced risk of cardiovascular diseases. As reported by Fang
and colleagues [334] anthocyanins can be absorbed as such through
the gastrointestinal wall, where they undergo an extensive first-
pass metabolism and the metabolites so formed enter the systemic
circulation. In fact, anthocyanin metabolites were detected in the blood
stream in much higher concentrations than their parent compounds.
Several studies reported that dietary intake of anthocyanins may confer
benefits in different brain functions, including vision. For example,
in blueberry-fed pigs, which are a suitable model to mimic human
digestive absorption, anthocyanins were detected in all examined
tissues, including brain and eyes, thus indicating that anthocyanins
can accumulate also in tissues beyond the blood-brain barrier [335].
Other studies have shown the role of anthocyanins as antioxidants in
the retinal pigmented epithelium (RPE) where they can neutralize
the ROS formed by the metabolic activity of photoreceptors thus
playing a role in neuroprotection as also shown by their protective
effect in a model system of rat retinal neurons damaged by N-methyl-
N-nitrosourea [336]. Song and colleagues [337] addressed the effects
of blueberry anthocyanins on retinas of diabetic rats subjected to
oxidative stress and inflammation, demonstrating their antioxidant
potency resulting in increased expression of HO-1 and nuclear
localization of the transcription factor Nrf2 (which controls the
expression of antioxidant response element-dependent genes) finally
resulting in increased expression of GSH and glutathione peroxidase,
and reduced levels of malondialdehyde (MDA) and ROS. Moreover,
cyanidins and the orthodihydroxy group of anthocyanins can inhibit
lipid peroxidation by chelation of metal ions [338].

Another flavonoid with antioxidant and anti-inflammatory
properties in the retina is quercetin. It has been reported that in mouse
retinal photoreceptor cells, quercetin inactivated the pro-inflammatory
transcription factor NF-kB through inhibition of both mitogen-
activated protein kinases (MAPK) and Akt, reducing in this way
VEGF-induced inflammation [339]. Kumar et al. [340] demonstrated
the retinal neuroprotective effects of quercetin. In streptozotocin-
induced diabetic rats, quercetin blunted inflammation and glyosis
decreasing the retinal expression level of glial fibrillary acidic protein
(GFAP) and NF-«B in specific retinal layers, such as the nerve fiber
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layer, the inner plexiform layer, and the inner nuclear layer. The effect
of quercetin on NF-kB was also associated with decreased levels of
TNFa and IL-1P. Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a
non-flavonoid polyphenol, and a phytoalexin found in red wine and
grape skin. Many studies demonstrated its antioxidative and anti-
inflammatory properties, so that it has been often used to mitigate
those eye diseases with a prevalence of oxidative stress, such as DR.
In vitro studies have shown that resveratrol prevents ROS-induced
apoptosis in retinal capillary endothelial cells stressed by high glucose,
through the activation of the AMPK/Sirtl/PGC-1a pathway [341].
Other in vitro studies on the human pigmented epithelium ARPE-19
cell line put under chemically mimicked hypoxia by cobalt chloride
have demonstrated that resveratrol could reduce oxidative stress and
the production of pro-angiogenic and pro-fibrotic factors [342]. In
the same model system, hower subjected to high glucose oxidative
stress, resveratrol inhibited the stimulated secretion of inflammatory
cytokines such as IL-6 and IL-8, and prevented the downregulation
of gap junction associated connexin 43 while inducing the activation
of TGFP, PKCp, and COX-2 [343]. In vivo studies by Chen and
colleagues with streptozotocin (STZ)-induced diabetic rats, have
revealed the effects of paraoxonase-1 (PONI1) as an intermediary in
the protective effects exerted by resveratrol. In fact, oral resveratrol
treatment - via induction of PON1 in the retina - blunted the increased
retinal vascular permeability, pro-apoptotic caspase-3 activity,
retinal damage, as well as clearly showed an inhibitory effect on
inflammatory markers, such as IL-1p, IL-6, TNFa, VEGEF, IFN-y and
monocyte chemoattractant protein-1. Therefore, these data suggest
that PON1 induction by resveratrol in the retina may be a promising
therapeutic strategy to prevent the progression of diabetes-related
retinopathy [344]. Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione) is another non-flavonoid polyphenol
extracted from the root of Curcuma longa and exhibits a wide range
of pharmacological properties, which include antioxidant, anti-
inflammatory, antimutagenic, antimicrobial and anticancer activities.
For its anti-inflammatory and antioxidant properties, curcumin is
exploited as oral supplementation therapy for retinal degenerative
diseases, including DR [345]. The World Health Organization stated
that an acceptable daily intake of curcumin can be up to 3mg/kg as
a food additive [346]. However, this “golden spice” despite a good
efficacy has a limited bioavailability due to poor absorption and rapid
metabolism and elimination. Clinical trials have shown that curcumin
is safe in humans and well tolerated up to doses of 12g/day [347]. The
antioxidant and anti-inflammatory activities of curcumin (10 pM)
have been tested on human retinal pigmented epithelial cells, human
retinal endothelial cells and human retinal pericytes exposed to
oxidative stress with high glucose. Results demonstrated a significant
decrease of ROS concentration in retinal pigmented epithelial cells
and of TNF-a release in retinal endothelial cells, while protecting
retinal pericytes from high-glucose damage [348-349]. Human retinal
endothelial cells exposed to high glucose and treated with curcumin
(10 uM) showed an increase of HO-1 expression [350], a stress response
protein that is highly inducible under various conditions, such as
oxidative or heat stress. This observation suggests that curcumin
may have both a direct and indirect antioxidant activity, due to the
activation of Nrf2. Once activated, Nrf2 translocates into the nucleus
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and promotes the transcription of genes that encode antioxidant
enzymes including HO-1 [351,352]. In vivo studies have been done
in rats with STZ-induced diabetes and treated with curcumin given
by different routes. Intraperitoneal injections of curcumin (80mg/
kg, once a day), prevented the retinal increase of malondialdehyde
(MDA: a marker of oxidative stress) and the decrease of antioxidant
GSH levels [353]. In the same model, Gupta et al. [354] have shown
that oral curcumin (1 gr/Kg) showed hypoglycemic activity, decreased
significantly the superoxide dismutase and catalase activities and
prevented the increase of the proinflammatory cytokines TNF-a
and VEGEF in diabetic retinae. Moreover, they observed increased
antioxidant levels of superoxide dismutase (SOD), catalase, and GSH
and a lesser increase of retinal nitrotyrosine, a marker of oxidative
protein damage, and of 8-hydroxy-20-deoxyguanosine, a marker of
oxidative DNA damage [355].

Carotenoids

Carotenoids are naturally occurring pigments found in fruits
and vegetables, but also in plants, algae, and photosynthetic bacteria.
Carotenoids can be divided into two main classes: carotenes
(precursors of vitamin A) and xanthophylls (non precursors
of vitamin A). Carotenes are non-polar molecules, containing
only carbon and hydrogen atoms, while xanthophylls are polar
carotenoids, containing at least one oxygen atom [356]. Several studies
demonstrated the beneficial power of carotenoids on human health
and more specifically on eye health, exerting primarily antioxidant
effects against AMD, age-related cataract (ARC), uveitis and DR [357].
Humans cannot synthesize carotenoids which must be supplemented
by foods in order to be distributed to various tissues, especially to
the retina. Lutein and zeaxanthin are non-provitamin A carotenoids
from the xanthophyll family. These carotenoids are characterized
by OH groups on each end. Their amphipathic character allows
them to be inserted into the lipid bilayer of cell membranes and in
the outer monolayer of lipoproteins. These xanthophylls have been
found in the human retina, particularly in the macular region [358].
The highest concentration is found in the fovea, and in primates
they are responsible for the characteristic central yellow coloration
known as the macula lutea. The fovea contains approximately 13ng/
mm? of carotenoids, compared with approximately 0.05ng/mm? in
the peripheral retina [359]. The main mechanism by which lutein
and zeaxanthin are involved in the prevention of retinal diseases
appears to be due to their local antioxidant activity and their capacity
to filter the blue light, responsible of photo-oxidative damage [360].
Elimination of lutein from the diet of experimental animals resulted
in early degenerative signs in the retina, and patients with an acquired
condition of macular pigment loss (Macular Telangiectasia) showed
a serious visual handicap, highlighting the importance of macular
pigment. Accordingly, a recent clinical study reported that thanks to
lutein capacity of filtering short-wavelenght light, its administration
to patients with NPDR led to some improvement in glare sensitivity
[361]. Another study on diabetic rats treated with zeaxanthin has
shown its ability to bring the retinal concentration levels of VEGF
and intercellular adhesion molecule-1 (ICAM-1: related to the
inflammatory state of the tissue) to values comparable to healthy
controls. Moreover, zeaxanthin supplementation prevented diabetes-
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associated retinal damage by decreasing nitrotyrosine levels, DNA
oxidative damage, lipid peroxidation and the decrease of retinal SOD
[362]. Similarly, lutein administration to diabetic mice resulted to
prevent retinal oxidative stress and restored normal retinal ROS levels
[363]. Hu et al. addressed the potential benefits of supplementation
with lutein and zeaxanthin in type 2 diabetic patients with diagnosed
NPDR [364]. In this study, plasma concentration of these carotenoids
was substantially lower in the diabetic group than in normal subjects
at baseline. After 3 months treated patients presented higher plasma
concentrations in comparison to untreated controls, correlating with
reduction of the macular edema and improvement of visual acuity.
Overall, these data indicate that lutein and zeaxanthin are main
actors on the photo-oxidative stage, by quenching oxygen singlets,
scavenging free radicals and protecting retinal cells from oxidative
damage. Their dietary intake may be used to ameliorate or even to
reverse vision loss in DR patients. Astaxanthin is a third member of
the xanthophyll family, a ketocarotenoid generated by the oxidation of
B-carotene, and is a common pigment in algae, fishes, and birds. One
of the most important properties of astaxanthin is a potent antioxidant
activity, almost 10 times higher than other known compounds such as
polyphenols or B-carotene [365]. Because of this property, astaxanthin
has been studied, mainly in animal and cell models, for its possible
role in the treatment of chronic diseases involving oxidative stress,
such as in diabetes and its complications. Yeh et al. [366] addressed
the effect of orally administered astaxanthin on STZ-induced diabetic
rats. Ocular tissues from astaxanthin and lutein treated rats showed a
significant reduction of oxidative stress and inflammatory mediators
depending on NF-«B transcription activity, and increased levels
of antioxidant enzymes, thus preserving retinal architecture and
function. Zhou and colleagues further demonstrated that astaxanthin
can regulate the glycemic state and reduce insulin resistance, and
can also exert an anti-inflammatory and anti-angiogenic effect by
decreasing the expression of NF-kp and TNF-q, thus inhibiting the
expression of proinflammatory molecules such as ICAM-1, the
monocyte chemoattractant protein-1 and VEGF [367]. In conclusion,
several studies indicate that astaxanthin, zeaxanthin and lutein may
blunt the generation of oxidation products in the retina, so that their
oral uptake could be a good strategy to control the development of DR
by reducing the oxidative damage to DNA, proteins, and lipids.

Vitamin C

Vitamin C is a water-soluble vitamin that exists in two main forms,
ascorbic and dehydroascorbic acid. It is an important nutraceutical
used as a support to therapy to treat oxidative-stress-induced diseases.
Vitamin C scavenges ROS such as superoxide and peroxynitrite in
plasma and cells (thus avoiding damage to proteins, lipids and DNA),
prevents occludin dephosphorylation and the loosening of tight
junctions. Several studies have reported that serum vitamin C levels
were lower in diabetic patients in comparison to healthy subjects
[368], and these levels were much lower in diabetic patients with DR
[369]. The vitreous level of vitamin C is responsible for the regulation
of oxygen tension and oxidative stress in the eye, which are implicated
in retinal ischemia and the development of PDR [370]. Duarte et al.
have demonstrated that in healthy individuals the concentration of
vitamin C in vitreous humor is remarkably higher as compared to that
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in serum [371]. In patients with PDR, the vitreous level of vitamin
C was decreased up to tenfold compared to healthy controls and
was associated with the degree of macular ischemia, suggesting that
vitreous vitamin C depletion may contribute to macular ischemia
in PDR patients [370]. Ascorbic acid (AsA) has anti-inflammatory,
immunostimulant, and antibacterial properties, and is used as
adjuvant therapy in many inflammatory disorders [372]. In a double-
blind cross-over trial [373], 8 diabetic patients were treated with
AsA tablets showing that the supplementation of 1000 mg AsA/day
for 2 weeks reduced the activity of the enzyme aldose reductase thus
inhibiting the polyol pathway, which is activated in DR. Diabetic
hyperglycemia triggers apoptosis of vascular pericytes thus impairing
vascular regulation and weakening vessels, especially in brain and
retina. May et al. demonstrated that vitamin C prevented high glucose-
induced perycytes apoptosis, that was largely due to the activation
of the receptor for advanced glycation end products (RAGE) [374].
AsA may also have a role in angiogenesis. A recent study conducted
on human umbilical vein endothelial cells (HUVECs) has shown
that AsA prevented the increase of endothelial barrier permeability
induced by VEGE This effect may contribute to reduce the macular
edema in DR [375].

Alpha-Lipoic Acid

Alpha-Lipoic Acid (1,2 dithiolane-3-pentanoic acid) (aLA),
also known as thioctic acid, is a natural thiol antioxidant. After
oral supplementation, it is quickly transported to intracellular
compartments and reduced by enzymes to dihydrolipoic acid. This
reduced form has many biochemical functions. It acts as biological
antioxidant, metal chelator, and regenerates by reducing their
oxidized forms other antioxidant agents such as vitamin C, E and
GSH. It also functions as modulator of the signaling transduction of
pathways involving insulin or NF-kB [376]. aLA plays an essential
role in mitochondrial bioenergetic reactions, which makes it useful
in managing diabetic vascular complications such as retinopathy and
peripheral neuropathy. In an in vivo study [377], the mitochondrial
functional integrity, biogenesis and DNA copy number were analyzed
in the retina of STZ-diabetic rats. Animals under good glycemic
control and fed with aLA have shown a lesser dysregulation of retinal
mitochondrial biogenesis as measured by citrase synthase (a marker
of mitochondria functional integrity) and the presence of fewer
acellular capillaries (a marker of DR). In another experimental study
[378], Wistar rats were treated with aLA (60 mg/kg bodyweight) i.p.
daily for 30 weeks. Results demonstrated that aLA treatment reduced
oxidative stress, NF-kB activation and angiopoietin-2 expression,
and reduced the amount of VEGF in the diabetic retina by 43%. In
a randomized, double-blind placebo-controlled study, 32 patients
with preretinopathic diabetes were treated with aLA (400 mg/daily)
in combination with other antioxidants (genistein and vitamins).
Oxidative stress levels in plasma and changes in the full field ERG were
evaluated. Results revealed that the oral treatment with antioxidants
in preretinopathic diabetes subjects may have a protective effect on
retinal cells, as detected by ERG analyses observed after 30 days of
treatment [379]. In conclusion, several studies show that nutritional
supplementation of natural molecules, as discussed above, protects
neuronal and vascular cells from inflammatory damage and
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mitochondrial degeneration, thus slowing down DR progression and
helping diabetic patients to spare their vision for longer times [380].

AGE-RELATED MACULAR DEGENERATION

AMD is a progressive degenerative disease of the retina principally
affecting the macula, a highly specialized region of the central retina
responsible for fine and colour vision. It is currently considered the
leading cause of visual impairment and blindness among patients
over 60 years [381]. AMD can occur in two distinct forms: the
most frequent (roughly 90% of the cases) is the dry (atrophic, non-
exudative) form, characterized by diffuse insoluble debris (known as
drusen) causing the death of RPE cells and photoreceptors [381]; the
wet (neovascular, exudative) form is less frequent (roughly 10% of the
cases) but still responsible of the majority of blindness cases, and is
characterized by the development of abnormal new vessels inside the
macular region (choroidal neovascularisation) [382]. Oxidative stress
and inflammation along with genetic risk factors are all involved in
AMD pathogenesis [383]. An important and characteristic clinical
hallmark of AMD is the presence of drusen - small yellow or whitish
accumulations of extracellular debris (made of proteins and lipids)
located between the basal lamina of the RPE and the inner collagenous
layer of Bruch’s membrane [382,384]. In particular, these protein/
lipid deposits are associated with an inefficient metabolism of RPE
cells, which cannot get rid of catabolic products which then tend to
accumulate in the extracellular spaces giving rise to drusen bodies
[385]. Another early molecular event of AMD is the accumulation

within RPE cells of lipofuscin, a remnant of the recycling of
photoreceptor outer segments, that contributes to RPE degeneration
[386]. Oxidative stress is a leading mechanism in the generation and
progression of AMD, therefore antioxidant self-defense mechanisms
are crucial for the mainteinance of retinal health. Two main targets of
oxidative stress in RPE cells are the elements involved in autophagy
and the transcription factor Nrf2. Dysregulation of both autophagy
and the induction of antioxidant enzymes regulated by Nrf2 may
trigger the cascade of events finally leading to lipofuscin and drusen
generation, and start the inflammatory process causing AMD [387].
Inflammation processes thus induced occur through recruitment
of macrophages and microglia, and complement activation [388].
Allelic variations of genes coding for complement factors, beside
those participating in lipid metabolism or angiogenesis, constitute
risk factors for AMD development [389]. Other risk factors include
age, genetic predisposition, exposure to light, race, smoking habit,
altered body/mass index, and diet [390-392]. Currently, the only
therapy approved for the treatment of the dangerous wet form of
AMD involves the inhibition of the pro-angiogenic factor VEGF in
the retina. However, the search for more effective treatments of dry
AMD is actively ongoing (Figure 4) [387].

Food Supplements

In recent years, epidemiological and clinical studies have suggested
the importance of nutrients and food supplements to prevent or slow
down the progression of AMD in the elderly. In particular, since
free radicals and ROS are known to be the principal factors behind
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Figure 4: Age related macular degeneration. Oxidative stress and inflammation further to ageing, a wrong lifestyle and hyper reactivity of the natural immunity (mainly the complement
system) may lead to the accumulation of catabolic debris (drusen) between the RPE and the Bruch’s membrane (dry or atrophic MD), and eventually to the rupture of the Bruch’s membrane and
the invasion of new blood vessels into the macular area (wet or neovascular MD) (upper panel). Food supplements that may be useful to blunt these events have antioxidant, antinflammatory,
antiapoptotic and antiangiogenic effects (bottom panel).
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this pathology, most of the nutrients studied have antioxidant and
free radical scavenger characteristics [382,393]. They belong to
several classes: polyphenols (anthocyanins, tannic acid, quercetin,
curcumin, EGCG, resveratrol and herb rosemary), carotenoids (lutein,
zeaxanthin, and B-carotene), vitamins (A, C, D and E) and minerals
(zinc, selenium and copper). Other molecules with relevant antiaging
and antioxidant properties used for AMD are aLA, omega-3 fatty
acids and Lactobacillus paracasei KW3110 [382,394-396]. The first
important trial evaluating food supplements for AMD prevention
has been the Age-Related Eye Disease Study (AREDS) started in 1992.
Results have shown that a formulation with vitamin C (500 mg),
vitamin E (400 IU), B-carotene (15 mg) and zinc (zinc oxide 80 mg and
cupric oxide 2 mg) showed a 25% risk reduction of the progression to
advanced AMD over 5 years in patients with intermediate or advanced
AMD ([397]. A second trial, designated AREDS2, conducted between
2006 and 2012, was carried out to explore the added benefits of lutein,
zeaxanthin and omega-3 fatty acids to the AREDS1 diet [398]. This
study provided an opportunity to further refine the original AREDS
formulation by eliminating f3-carotene (because of increasing risk of
lung cancer in smokers) and lowering the dose of zinc (because of the
potential health risks of taking large quantities of zinc). AREDS2 found
that lutein and zeaxanthin reduced the risk of developing advanced
AMD by a further 10 per cent. For participants who had a poor dietary
intake of lutein and zeaxanthin a further decrease of 20% of the risk of
progression to advanced AMD was observed; omega-3 fatty acids did
not appear to further improve the efficacy of the AREDSI diet, and
the reduced amount of zinc conserved the same effects of the original
higher amount [398,399].

Polyphenols

Anthocyanins (a subgroup of flavonoids, with cyanidin and
delphinidin among the most common) are red-purple pigments
found in plants [400]. Berries, such as blueberry, blackcurrant,
strawberry, and wolfberry (better known as ‘goji berry’), are all rich
in anthocyanins [401]. They have shown favorable effects on AMD for
their antioxidant and anti-inflammatory properties, as demonstrated
by both in vitro and in vivo models. Anthocyanins such as cyanidin
3-glucoside (C3G) promote regeneration and new synthesis of
rhodopsin (the photosensible pigment of rod photoreceptor cells)
and protect the retina from overexposure to visible and UV light
[402-404]. A clinical study on 72 post-menopausal women showed
that combining anthocyanin supplements with lutein and zeaxanthin
did not influence their uptake in serum and macular pigment, so
that an additive protection effect could be expected [405]. Tannic
acid (a tannin derivative) contained in the polyphenolic extract of
some plants, has been shown to protect human RPE cells from UVB
damage, by inhibiting the activation of the transcription factor STAT3
and the downstream induction of the pro-inflammatory cytokine
IL-6 and downregulating the expression of the complement factor
B, also involved in the inflammatory cascade leading to AMD [406].
Quercetin is an another natural polyphenol with known antioxidant
and anti-apoptotic properties, the protective efficacy of which has
been demonstrated both in vitro and in vivo models. RPE exposed
to cytotoxic and inflammatory effects induced by 4- hydroxynonenal
[407] or by blue light [408] were prevented by quercetin. In a different
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model of peroxide-induced oxidative stress model in RPE cells [409]
quercetin treatment influenced the transcription of genes involved in
apoptosis regulation, including the anti-apoptotic Bcl-2 and the pro-
apoptotic BAX and FADD, and the effectors of apoptosis Caspase-3
and Caspase-9. Intraperitoneal administration of quercetin blunted
the photo-oxidative damage of rat retinas’ photoreceptors exposed
to intense light [410]. Curcumin, a polyphenol from Curcuma longa
(turmeric plant) belonging to the ginger family, is also able to modulate
apoptosis, inflammation and oxidative stress defense proteins [411];
these effects follow the upregulation of the anti-apoptotic protein Bcl-
2, the downregulation of the pro-inflammatory transcription factor
NF-kB, and the upregulation of the antioxidant proteins SOD, GR and
HO-1, as shown in human retinal cell models exposed to oxidative
damage [350,412]. An active phenolic component of green tea,
EGCG, protected human ARPE19 cells from UVA-induced damage by
decreasing both the production ofhydrogen peroxide and the activation
of the pro-inflammatory MAPK and COX-2 [413]; moreover, it has
shown a protective effect in RPE cells against oxidative stress-induced
damage by modulating the expression of the transcription factor Nrf2
(414]. Resveratrol (3,4,5-trihydroxystilbene), a polyphenolic antioxidant
belonging to the stilbene family and commonly found in grape skin
and seeds, has been shown to be protective against UVA-induced
damage in ARPEI9 cells [415] and to prevent the development of
choroidal neovascularization by modulating protein kinase A (PKA)
in macrophages [416]. A recent study has suggested that resveratrol
could mitigate the adverse effects induced by repeated injections of
bevacizumab (anti-VEGF antibody) in wet-AMD therapy [417].
One of the major limitations of anti-VEGF therapy is an excessive
reduction of the available secreted VEGE, which is also important
to maintain the homeostatic function of the RPE. In ARPE-19 cells,
various combinations of resveratrol and bevacizumab prevented
VEGTF reduction observed after bevacizumab alone treatment [417].
A prospective, randomized clinical trial (NCT02625376) started on
August 2015, the results of which have not been released yet, aimed to
evaluate the safety and efficacy of resveratrol to reduce the progression
of exudative AMD between two groups of patients, either receiving
250mg of resveratrol or placebo, after 24 months of follow-up. The
common herb rosemary (Rosmarinus officinalis) contains a variety of
polyphenolic compounds which, combined with zinc, decreased the
amount of CEP-proteins (carboxyethyl-pyrrole modified proteins,
found in drusen and considered a significant risk factor for the
development of AMD), and improved photoreceptor cell survival
in rat retinas exposed to photo-oxidative damage [418]. Chronic
supplementation with rosemary antioxidants has been suggested to be
a useful addition to the therapeutic benefits of AREDS supplements in
slowing down the progression of AMD [419,420].

Carotenoids

Lutein, zeaxanthin and meso-zeaxanthin are carotenoids present
in high concentration in the macula where they form the macular
pigment protecting the retina from the oxidative stress constantly
induced by light [421]. They are not synthesized by mammalian cells
but found in egg yolk and vegetables such as fruits, spices, lettuce,
broccoli, and spinach [422]. In an oxidative stress model obtained
in manganese superoxide dismutase knockout mice, zeaxanthin
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supplementation blunted the oxidative stress and preserved the
structure of the RPE [423]. Human clinical studies demonstrated that
lutein and zeaxanthin, as well as S-carotene supplementations have
protective effects on AMD, improving visual performance measured
as contrast sensitivity, glare tolerance, and photo-stress recovery
[396,424]. Several other studies have shown that high blood levels of
lutein and zeaxanthin correlate with a significant lower risk of AMD
[425,426].

Vitamins

Vitamins A, C and E appeared to reduce the risk of macular
degeneration according to the AREDS studies I and II [397,398].
Positive outcomes concerning high dietary intakes of fruits and
vegetables rich in pro vitamin A and vitamin C have been reported
[394,427]. Vitamin C is known to be a potent antioxidant protecting
proteins, lipids, carbohydrates and nucleic acids from free radicals and
ROS damage [428]. Moreover, the AREDS Study Group has revealed
that high vitamin C intake is associated with a reduced likelihood
of neo-vascular AMD [429]. Vitamin E, similarly to vitamin C, is a
powerful antioxidant. Its deprivation leads to lipofuscin accumulation
[430], retinal damage [431] and loss of photoreceptors [432]. High
dietary intakes of vitamin E have been clinically correlated with a
slower progression of AMD [433]. Vitamin D may exert beneficial
effects on AMD prevention by modulating the immune system and
inhibiting inflammation and angiogenesis. The role of vitamin D in
the progression of AMD has been addressed recently, because the
cognate receptor is expressed by mammalian RPE [434]. However,
among the many clinical observations and studies run on the efficacy
of vitamins A, C, E, not all the results could confirm their efficacy on
the decourse of AMD [396]. As to vitamin D, its role in the prevention
of AMD seems to be ascertained, though the amount to be given as
food supplement is still in need of better clarification [435].

Minerals

Zinc, copper and selenium play important roles in the normal
functioning of antioxidant enzymes and in retinal cell survival
[436,437]. Supplementation of zinc and copper decreases the risk of
AMD progression suggesting that these metals play an important
role in the homeostasis of AMD and in retinal health [438]. In
particular, zinc supplementation effectively blunts the risk of AMD
and visual loss by its antioxidant properties, and by intervening in
the regulation of the light-rhodopsin reaction, in the modulation of
synaptic transmission and of complement activation [438]. Selenium
is a well-known anti-oxidant agent, and may reduce the risk of
AMD by blunting the oxidative damage of membrane lipids and
by participating in the activity of GSH antioxidant defense [437].
Moreover, a diet deficient in vitamin E and selenium in laboratory
animals resulted in a consistent decrease of total PUFAs in RPE and in
retinal rod outer segments, which could be recovered by an adequate
diet supplementation [439]. However, more clinical evidence has to
be raised in order to better understand the role, the efficacy and the
dietary doses of these minerals in the prevention and treatment of
AMD.

Alpha-Lipoic Acid
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aLA is a naturally occurring fatty acid found in some foods such
as yeast, spinach, broccoli and potatoes [376]. It works as a cofactor
of mitochondrial dehydrogenase and as a free radical scavenger,
regenerating endogenous antioxidant systems like vitamins C and E
and the enzyme SOD [440]. aLA dietary supplementation has been
shown to improve vision-related quality of life in dry AMD patients
most likely by improving the antioxidant defense [441]. aLA entered
a phase 2 clinical trial in May of 2016 sponsored by the University of
Pennsylvania (NCT02613572), with the aim of assessing safety and
tolerability of the 800 and 1200 mg daily doses in patients affected by
geographic atrophy [417].

Omega-3 Fatty Acids

The deficiency of omega-3 fatty acids DHA and EPA in
photoreceptor membrane lipids play an important role in the
pathogenesis of AMD because their imbalance contribute to drusen
formation in the RPE and sub-RPE layers [442]. Oral treatment with
a complex mixture of fatty acids (commercially available as Macular-
FAG®) has been used in a mouse model system of AMD induced by
subretinal injection of polyethylene glycol (PEG-400). Results have
shown a blunting of complement-mediated inflammation, a decrease
of macrophage recruitment and modulation of the production of
pro-inflammatory and angiogenic cytokines, finally resulting in a
functional rescue of retinal electrophysiology [443].

Lactobacillus Paracasei KW3110

Anti-inflammatory agents appear to be optimal candidates for
AMD prevention or slowing of its progression. Most recently, Morita
et al. have demonstrated that Lactobaciullus paracasei KW3110 (a
lactic acid bacterium) may activate M2 macrophages (macrophages
associated with anti-inflammatory reactions), thus suppressing blue
light-induced retinal inflammation both in vitro and in vivo. These
results suggest that L. paracasei KW3110 may have a preventive effect
against degenerative retinal diseases, including AMD [395].

MYOPIA

Aristotle is considered to be the first person who described
myopia. The term myopia derives from the Greek’s verb poerv, which
means ‘to close’ and wy which means ‘eye), and together describe
a typical action of myopic individuals who squeeze their eyes to
improve farsight vision. This action reduces the opening of the iris
diaphragm, thus increasing the focal depth. Scientifically, myopia
(near-sightdness) is a spherical refractive error that occurs when rays
of light running parallel to the optic axis focus the image anterior to
the retinal plane [444]. This disorder is mostly due to an over-growth
of the eyeball, which brings the retina behind the focal plan [445].
According to the recent definition by the IMI (International Myopia
Institute), myopia can be divided into low myopia and high myopia,
in which the spherical equivalent refractive error is < —0.50 diopters
(D) and < —6.00 D, respectively [445]. Myopia is among the most
common ocular disorders causing visual loss. In 2010 a systematic
analysis estimated that 1.9 billion of people in the world were myopic
(about 27% of the world’s population), among which 70 million had
high myopia [446]. Holden et al. estimated that in 2050 there will be
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almost 5 billion myopic people (50% of world’s population) among
which almost 1 billion with high myopia [447]. However, myopia is
not equally distributed worldwide; 90% of the youngsters are myopic
in East Asian countries, while in the United States and Europe their
proportion remains around 50% [448]. The prevalence of myopia
also varies with age. In the Beaver Dam Eye Study, data suggested
that the prevalence of myopics decreased from 42.9% among adults
aged 43-54 years to 14% in individuals older than 75 years [449]. To
date, hundreds of genes and around twenty chromosomal loci have
been identified to be associated with the occurrence of refractive
error and myopia, although they cannot fully explain it [450-452].
A seminal study published in 1969 concerning Inuit people living
in North Alaska, showed that only 2 out of 131 adults, grown up in
an isolated group, were myopic. On the contrary, about 50% of the
next generation individuals were shortsighted [453], demonstrating
that genes alone cannot explain such increase in just one generation,
because genetic changes require longer times. However, genes can
determine the individual susceptibility to environmental factors, and
familiarity is evident within families and within populations [454-456].
Environmental factors including socio-economic and the time spent in
outdoor activities have also been correlated with myopia development.
While the time spent indoor represents an environmental risk, the
concomitant outdoor time may be an important protective factor
[457-458]. High level of outdoor activity is positively correlated with
lower odds of myopia in different epidemiological studies [459-461].
The idea that outdoor activities reduce the onset of myopia, introduces
the concept that the amount of exposition to bright light has a pivotal
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role in this prevention. In fact, light stimulates the release of dopamine
and its accumulation in the retina, which starts a signaling cascade
involving the retinal pigmented epithelium, finally slowing down
the growth of the eye globe [462-465]. The molecular etiology of
myopia is not clear yet. In a recent study, we observed that atropine,
a molecule used to slow down myopia progression in children and
teenagers, increased extra-cellular matrix production from scleral
fibroblasts in vitro, thus contrasting the scleral thinning often
observed during myopia progression; on the contrary, atropine effect
on choroidal fibroblasts resulted in a decrease of ECM components
production, suggesting an alternative mechanism, by which atropine
might improve choroidal blood perfusion, known to be reduced
in myopic eyes [466]. Further investigations are needed to better
clarify the physio-pathological events leading to myopia. Current
anti-myopic treatments include: use of eye-glasses or soft contact
lenses, orthokeratology, topical administration of low dose atropine
or pirenzepine, oral administration of 7-methylxanthine, corrective
surgery. However, in many cases a “rebound effect” can be observed
after interruption of treatment (Figure 5) [467-470].

Nutrition and Food Supplements

The use of food supplements to correct nutrition deficiencies is a
strategy widely accepted and used to improve the general health and
try to prevent many different pathologies, also including eye diseases.
Eating brightly colored foods like green vegetables and fresh fruits,
loaded with vitamins, is highly recommended also to intervene on
eye growth. Moreover, the consumption of fish like salmon, tuna and
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Figure 5: Myopia. Myopia mostly results from the elongation of the eye globe, which brings the macular region of the retina out of focus, and puts a mechanical stress on this delicate tissue,
increasing the risk of a retinal detachment and/or laceration (upper panel). Food supplements that might be useful are those reinforcing the matrix of the sclera, thus retarding its abnormal

growth and elongation (bottom panel).
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mackerel is very important for a sufficient intake of omega-3 fatty acids,
needful to the brain and the eye to modulate neuronal cell membrane
activity and their kinetics of transport systems [471]. In the study
KNHANES VII (Korean National Health and Nutrition Examination
Survey 2016-2017) the prevalence of high and low grade myopia
among South Korean children 5-18 years of age and the associated risk
factors were analyzed. In this study, a correlation was noted between
high body mass index and high myopia [472]. In another study on
Asian children a high dietary intake of cholesterol and fat was found
to be associated with myopia progression [473]. Glycemic index can
be regarded as a risk factor for myopia and refractive error is more
frequent in young patients with newly diagnosed type I diabetes
mellitus [474,475].

Microelements: Microelements are important during the entire
life, since they are essential co-factors for many enzymes, and more
specifically they have a critical role to support a normal growth in
children. Fedor and coworkers [476] found an association between
low serum concentration of zinc and selenium, and a high Cu/Zn ratio
in a cohort of 83 Polish myopic children aged 7-17 years, which might
suggest that a dietary supplement of Zinc and Selenium could be
indicated in myopic children. However, the finding was not confirmed
by another study on American children [477], and more clinical data
are necessary to consider microelements as a necessary supplement in
the control of myopia progression in children.

Vitamin D: Although there is no direct evidence on the effect
of vitamins on myopia progression, some studies have shown a
correlation between vitamin D and myopia. The biosynthesis of
vitamin D is promoted by sunlight exposure, and might be related to
the time that individuals spend outdoor. Intake of folate and calcium
also correlate with the amount of circulating vitamin D. In a study on
22 young American students (13 to 25 years old) the 14 myopes showed
lower blood levels of vitamin D (average of 3.4 ng/ml) compared with
non-myopes when adjusted for age and dietary intakes, despite the
fact that both groups spent similar amounts of time outdoor [478].
In a Western Australian Pregnancy Cohort (Raine) Study, Yzar and
co-workers [479] analyzed 946 children during a follow-up of 20
years. Among these, 23.4% were myopic and had lower serum vitamin
D3 concentrations compared to non-myopic individuals. Univariate
analysis showed that lower serum vitamin D3 concentration was
associated with higher risk of progressive myopia (with a cut-off value
of 50 nmol/L the odds ratio for developing myopia with low vitamin
D3 was 2.63). Two more studies investigated the correlation between
low serum levels of vitamin D3 and myopia. A first study analyzed
2,666 European children aged 6 years [480], and the second study
enrolled more than 15,000 Korean young adults (aged 20 years or
more) [481]. Both studies found an association between low serum
levels of vitamin D3 and presence of myopia, independently from the
time spent outdoor.

7-Methylxanthine: 7-Methylxanthine (7-MX) is an intermediate
metabolite in the synthesis of caffeine in plants, and a product of the
metabolism of caffeine in humans [482]. Unpublished evidence by
K. Trier had shown an effect of caffeine on the production of ECM
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components in the sclera of treated rabbits. Further evidence by
the same author has shown that 7-MX - a non-selective adenosine
receptor antagonist — may have a role in the retardation of myopia
progression. 7-MX effects resemble those of atropine (a muscarinic
receptor antagonist), both increasing ECM production and collagen
fibril diameter, thus increasing thickness of the sclera [483,484]. A
thicker sclera should be less prone to axial elongation, which is the
main cause of myopia development. In a recent study, infant macaques
with myopia induced by the use of corrective lenses were treated with
100 mg/kg of oral 7-MX twice daily, demonstrating the ability of
7-MX to retard myopia progression in primate puppets [483]. 7-MX
is a common human dietary ingredient for coffee drinkers, which
has shown no significant side effects during long term treatment. In
a clinical study, it has been shown to limit eye elongation and myopia
progression in childhood myopia [485].

Crocetin: Another promising natural compound is crocetin, a
carotenoid compound consisting of a C-20 carbon chain contained in
saffron and used in traditional herbal medicine [486]. This powerful
compound is able to delay the growth of cancer cells by inhibiting the
synthesis of nucleic acids and the activation of defense anti-oxidative
systems, interfering with growth factor signaling pathways and
finally inducing cancer cells apoptosis [487]. In a murine model of
lens-induced myopia, a dietary crocetin supplement delayed myopia
progression. Compared to controls (n=14), crocetin administration
resulted in a significant smaller change of refractive errors and axial
elongation [488]. In a randomized clinical trial, 69 myopic children
aged 6 to 12 years received either a placebo or oral crocetin for 24
weeks. The spherical equivalent refractive error progressed during the
6 months of the study by -0.41+ 0.05 Diopters in placebo controls, and
by —0.33 + 0.05 Diopters in crocetin treated (p < 0.05); the axial length
increased by 0.21 + 0.02 mm in placebo controls, and by 0.18 + 0.02
mm in crocetin treated (p < 0.05), thus showing the potential effects of
crocetin in slowing down myopia progression [489].

CATARACT

Cataract is the opacification of the normally transparent lens of the
eye, which may occur centrally (nuclear and posterior subcapsular)
thus impairing vision, or in periphery (cortical cataract) [490].
Oxidative stress in the lens, occurring as consequence of normal
aging, or accelerated by genetic and environmental causes, plays an
important role in the onset and progression of cataract [491,492].
Currently, the only treatment for cataract is surgical removal of the
cloudy lens, which typically is then replaced with an intraocular lens
(IOL) during cataract surgery (Figure 6).

Food Supplements

Despite the evidence indicating oxidative damage to lens epithelial
cells as a likely common cause for cataractogenesis, the efficacy of
nutritional supplements and antioxidants in the management of age-
related cataracts is still under debate. Several studies reported that
nutritional supplements showed a long-term inhibitory effect on the
development of sight threatening cataract. A randomized clinical
trial enrolling 14,000 U.S. male physicians older than 50 years with a
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Figure 6: Cataract. Oxidative damage is the main and only recognized factor for lens opacification (upper panel). Antioxidants like vitamin C, lutein and zeaxanthin are the only food

supplements that have shown some efficacy in retarding the insurgence of cataract (bottom panel).

follow-up of 11 years indicated that long-term daily multivitamin use
had a slight, though significant effect in decreasing the risk of cataract
[493]. A nutrition survey including more than 30,000 women older
than 49 years followed for over 7 years detected a 13% lesser risk of
developing cataract among those indicating a higher dietary intake
of antioxidants. The main contributors to dietary total antioxidant
capacity in the study population were fruit and vegetables (44.3%),
whole grains (17.0%) and coffee (15.1%) [494]. Another large study
of adult women in the United States correlated the eating of foods
rich in a variety of vitamins and minerals with the delay of cataracts
development [495]. A 10-year study of more than 2,400 older adults
in Australia found that participants with the highest quintile of total
intake (diet + supplements) of vitamin C had a reduced risk of incident
nuclear cataract. An above-median intake of combined antioxidants
(vitamins C and E, beta-carotene, and zinc) was associated with a
reduced risk of incident nuclear cataract. Antioxidant intake was not
associated with incident cortical or posterior sub-capsular cataract
[496]. A large study of female health professionals in the United States
enrolled 1802 women aged 50 to 79 years with intakes of lutein and
zeaxanthin above the 78" (high) and below the 28% (low) percentiles.
Four to seven years later, it was found that diets rich in lutein and
zeaxanthin are moderately associated with a decreased prevalence
of nuclear cataract in older women [497]. However, a Cochrane
metanalysis including 9 clinical trials involving more than 117,000
patients concluded that dietary supplements of beta-carotene, vitamin
E, and vitamin C had no clear beneficial effects on the inhibition of
ARC development [498]. It has to be considered though that clinical
studies on cataract development and progression require several
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years of observation, during which time the compliance of patients
to treatment indications can be less tight, and that the endpoint
parameters of such studies can be highly subjective. Most recently,
a randomized, prospective, double-blind, placebo controlled human
clinical trial has been launched to test the efficacy of a 6 months
treatment with a nutritional supplement in inhibiting nuclear cataract
progression on 20 patients subjected to Pars Plana Vitrectomy surgery.
The nutritional supplement contained 11 compounds with reported
cataract inhibitory properties: Riboflavin, L-GSH, C-Phycocyanin
(as Spirulina Algae Extract), LA, Pyruvate (as Calcium Pyruvate),
aLA, Quercetin, Turmeric, Silybin (as Milk Thistle Extract), Lutein,
Zeaxanthin, and Astaxanthin [499]. In this study, cataract formation
and progression were monitored by the serial Pentacam Nuclear
Staging measurements (Oculus, Arlington, Wash.), supposed to be
an objective, quantitative, and reproducible measurement of nuclear
cataract density. Results showed a marginal borderline effect of the
nutritional supplement, which however might suggest some efficacy,
given the short observation time and the paucity of enrolled patients
[499]. All nutrients associated with cataract prevention in clinical
studies can be found in eye vitamins and vision supplements. Many
experts believe these substances should be acquired from a healthy
diet rather than from nutritional supplements. However, very often it
happens that common dietary habits maylack key nutrients because not
containing enough fruits and vegetables. In such occurrence, it could
be wise to consider taking one or more daily nutritional supplements
to assure the organism the intake of all the nutrients needed for
optimum eye health. Antioxidant vitamins and phytochemicals that
are supposed to reduce the risk of cataracts include vitamins A, C
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and E, lutein and zeaxanthin; consumption of fish high in omega-3
fatty acids has also been linked to a potential reduction of the risk of
cataracts or their progression [500]. Here follows a sample of recent
research suggesting the role of such nutrients in the prevention of
cataracts.

Antioxidants and Vitamins

Seminal preclinical studies performed in the 80s of the past
century on cataract induced in mice by hyperbaric oxygen exposure
[501] or by photo-oxidative stress in isolated rat lenses [502] have
highlighted the potential protective activity of antioxidants, also
including vitamin C, against cataract. The level of AsA is known to be
low or absent in cataractous patients, with a concomitant increase of
di-hydro-AsA (the oxidized form of ascorbic acid) [503]. However, the
concentration of vitamin C in the aqueous humor and lens of human
subjects could be increased after supplementation of 2 gr per day for
2 to 4 weeks prior to lens removal [504]. Along the same line, the
Second National Health and Nutrition Examination Survey reported
an inverse association between serum AsA and self-reported cataract
[505], confirmed by the findings of the Nutrition and Vision Project,
in which the inverse association between cortical and posterior
subcapsular cataract with the use of long-term vitamin C supplement
was evidenced [506]. These results are also consistent with those from
the Beaver Dam Eye study where the 5-year risk to develop nuclear
or cortical cataract was 40% and 60% lower among individuals who
reported the abitual use of multivitamins or any other supplement
containing vitamin C [507]. Daily oral use for 3 years of a mixture
of antioxidant micronutrients including vitamin C produced a small
deceleration in the progression of ARC [508]. In a population-based
cross-sectional analytic study, which included 5638 people (aged 260
years), a strong inverse association between vitamin C and cataract
was described [509]. Finally, a recent prospective cohort study, has
shown that vitamin C protected against nuclear cataract progression
as evaluated approximately 10 years after the baseline [510].

Lutein and Zeaxanthin

Lutein and zeaxanthin are the main carotenoids found in the eye
and look like promising nutrients in the fight against cataracts. Recent
preclinical and clinical works have addressed the risk of developing
cataracts in relation to dietary assumption of these nutrients.

Diabetic cataract is a frequent eye complication in diabetes.
Dietary lutein effects on the prevention of diabetic cataract have been
addressed in a rat model of diabetes induced by streptozotocin [511].
An oral lutein supplement (0.5mg/kg) did not significantly affect
blood glycemic values or body weights in diabetic rats. Most (81%) of
diabetic rats’ eyes developed lens opacity and 43% developed mature
cataract. Diabetic rats treated with lutein, developed lens opacity in
38% of the eyes and no mature cataracts were observed. Diabetic
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rats’ lenses showed a parallel increase of MDA and a decrease of
GSH levels. Lutein treatment blunted MDA levels, though not raising
GSH, hence indicating that lutein effects on the prevention of diabetic
cataract may work through the inhibition of lipid peroxidation, finally
suggesting that a lutein dietary supplement, combined with glycemic
control, might work in the prevention of diabetic cataract [511]. The
Nurses’ Health Study enrolled over 77,000 US female nurses aged 45-
71y, and observed for 12 years. Results showed that those subjects
with a dietary intake of high amounts of lutein+zeaxanthin (more
than the average amount of 6 mg/day registered in the study) had
a reduced need for cataract surgery [511]. The POLA (Pathologies
Oculaires Liées a Age) study evaluated the associations of plasma
lutein and zeaxanthin and other carotenoids with the risk of age-
related maculopathy and cataract in 899 residents in the south of
France and aged > 60 years. Results were strongly suggestive of a
protective role of the xanthophylls, in particular zeaxanthin, for the
development and progression of age-related maculopathy and nuclear
cataract [512]. The Melbourne Visual Impairment Project recruited
2322 permanent residents aged > 40 years, with a follow-up of 2 years.
This study confirmed the inverse association between high dietary
zeaxanthin intake and prevalence of nuclear cataract [513]. On the
contrary, the AREDS2 study concluded that daily supplementation
with lutein/zeaxanthin had no detectable effects on rates of cataract
surgery or vision [514]. However, these results are biased by the fact
that the enrolled population was relatively well nourished and given
at baseline a multivitamin supplement which could already have a
protective effect on cataract progression, thus masking the effects of
lutein and zeaxanthin [515].

Conclusion

Most often pathologies result from the loss of homeostasis of
the whole organism, and may involve one or more organs at a time.
Pache and Flammer defined POAG as “a sick eye in a sick body” [516],
and indeed this definition might be extended to more ophthalmic
pathologies, which can be derived or aggravated by imbalances of
the homeostatic equilibrium of the body. Food supplements aim at
re-establishing such equilibrium, both at the organism level, and
sometimes specifically at the organ level, in case an organ is in major
need of some specific nutrients or defense molecules that can be
delivered by the food supplement. In fact, medical treatments are
specifically aimed at the diseased organ, and their effect might be
potentiated by food supplements cooperating with the drug(s) both
at the specific site, and more generally at the organism level. Several
decades of preclinical and clinical research have substantiated this
hypothesis, telling us that nutrition is the most important element
in our lifestyle influencing our health and disease status. Food
supplements can thus be seen as nutritional aids to prevent disease,
but also to cooperate with the treatment of diseases, of the eyes, but of
other organs as well.
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Abbreviations
7-MX 7-methylxanthine cAMP Cyclic adenosine monophosphate
AsA Ascerbic acid CoQlo Ceenzyme Q10
AH Aqueous humour CoxX-2 Cyclooxygenase 2
ALA Alpha-linolenic acid DHA Docosahexaencic acid
ala alpha-Lipoic Acid (rioctic acid) DR Diabetic retinopathy
AMD Age-related macular degeneration ECM Extracellular matrix
ARC Age-related cataract EGCG Epigallo-catechin-gallate
AREDS Age-Related Eve Disease Study EPA Eicosapentaenoic acid
ARPE-19 Adult Retinal Pigment Epithelial cell line-19 ERG Electroretinogram
ATP Adenosine triphosphate GAG Glycosaminoglycans
588 Blood brainbarsier GLA Gamma-linolenic acid
BDNF Brain derived neurotrophic factor GR Glutathione reductase
BRB Blood retinal barrier G5H Glutathions
C3G Cyanidin 3-Glycosides HA Hyaluronic acid
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