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3.3. Effect of L/Zi on Outer Nuclear Layer Thickness

The ONL thicknesses were measured in the DAPI-stained images. In the light-damaged
retinas, the ONL thickness was less in the vehicle group than that in L/Zi treatment group.
Quantitative analysis revealed a significant difference of ONL thickness in retinal section between
vehicle and treatment group after light damage (vehicle group versus treatment group, p < 0.05)
(Figure 2c).

3.4. Effect of L/Zi on OS in Light-Damaged Retinas

C-Jun N-terminal kinase (JNK) and Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) were chosen
as protein markers of OS in our study. Western blotting results showed that L/Zi treatment significantly
downregulated p-JNK and reduced the ratio of the protein densities of p-JNK to t-JNK (vehicle group
versus treatment group, all p < 0.01), while the t-JNK were not changed significantly between the two
groups (p > 0.05). In addition, L/ Zi significantly upregulated Nrf2 in light-damaged retinas (vehicle
group versus treatment group, p < 0.05) (Figure 3).

Figure 3. L/Zi treatment down-regulated the markers of oxidative stress in light-damaged retinas.
(a) Representative images of Western blotting of phosphorylated c-Jun N-terminal kinase (p-JNK);
(b) Relative protein expression of p-JNK; (c) Ratio of protein densities of p-JNK to total (t)-JNK in
light-damaged mice (# = 3 in each group); (d) Representative images of Western blotting of Nuclear
factor (erythroid-derived 2)-like 2 (Nrf2); (e) Relative protein density of Nrf2 in light-damaged mice
(n =3 in each group). * p < 0.05 vs. vehicle group; ** p < 0.01 vs. vehicle group.

3.5. The Effect of L/Zi on Light-Induced ERS

In our study, the expression levels of four ERS protein markers, including 78 kDa
glucose-regulated protein (GRP78), activating transcription factor 6 (ATF6), phosphorylated protein
kinase RN A-like endoplasmic reticulum kinase (p-PERK) and activating transcription factor 4 (ATF4),
were determined by Western blotting to investigate whether L/Zi treatment reduced ERS in
light-damaged retinas. Western blotting results revealed the expression of these ERS markers were
significantly reduced by L/Zi treatment (vehicle group versus treatment group: GPR78, p < 0.01; ATF6,
p <0.05; p-PERK, p < 0.01; ATF4, p < 0.01) (Figure 4).
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Figure 4. L/Zi treatment down-regulated the markers of ERS in light-damaged retinas.
Representative images of Western blotting and relative protein expression of 78 kDa glucose-regulated
protein (GRP78), activating transcription factor 6 (ATF6), phosphorylated protein kinase RNA-like
endoplasmic reticulum kinase (p-PERK) and activating transcription factor 4 (ATF4) in light-damaged
retinas, respectively (1 = 3 in each group). Error bars indicate standard deviations. * p < 0.05 vs. vehicle
group; ** p < 0.01 vs. vehicle group.

4. Discussion

Animal models of light-induced retinopathy have been used to study phototoxic retinal damage
and associated mechanisms, including oxidative stress responses and metabolic abnormalities [31-34].
It was observed that many genes were upregulated in light-damaged retinas of Balb/c mice.

The upregulated genes are in the categories of anti-oxidants, anti-apoptosis, chloride channels,
transcription factors, secreted signaling molecules, and inflammation. The upregulated genes may
affect the fate of photoreceptors by photo-oxidative stress [35]. A number of studies have shown that
OS is one of the main factors which causes light-induced disruption of photoreceptor outer segment
and retinal degeneration [36-39]. In addition, the aggregation of S-opsin and ERS was observed in
light-damaged models in vitro and in vivo [40—42]. More and more evidence shows that the activation
of unfolded protein response on exposure to oxidative stress is an adaptive mechanism to preserve cell
function and survival [43]. Reactive oxygen species (ROS), produced in the ER or other organelles,
can target the ER calcium channels which causes the release of calcium from ER. The calcium is then
obtained by mitochondria, which increases the mitochondrial metabolism and production of ROS. ROS
can trigger ER stress [44]. Both of OS and ERS could finally induce cellular apoptosis. Antioxidants
with the abilities of ameliorating the OS or ERS have been reported to reduce the light-induced damage
on retinas [7,15]. The xanthophyll carotenoids—lutein, zeaxanthin and mesozeaxanthin (L/Zi) have
higher concentration in visual system (eye and brain) compared to other carotenoids in the blood [21].
Specifically, L/Zi comprise 80% to 90% of xanthophyll carotenoids in human eyes [20], and decreased
level of these antioxidants has been associated with AMD [25]. In addition, administration of L/Zi
has been showed to protect against retinal cell damage in many eye pathologies, such as diabetic
retinopathy [23].

In our study, the protective effect of L/Zi on retina was observed in an animal model of retinal
degeneration induced by extensive blue light exposure, which was confirmed by the significant
improvement of dark-adapted and light-adapted ERG a-wave and b-wave amplitudes, and reduction
of the number of TUNEL-positive cells in the retinas. We further explored the effect of L/Zi on protein
markers of OS to understand the exact underlying mechanism of cellular protection provided by L/Zi.
c-Jun N-terminal kinase (JNK) is one the three well-defined subgroups of mitogen-activated protein
kinase (MAPK) [45]. The activation of JNK induces a cascade of phosphorylation events, leading to
the formation of phosphorylated (p)-JNK, which has been associated to the OS [46]. Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) is a transcription factor recognized as a pivotal element of cellular
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defense responses to an increased level of ROS [47]. In an inactive status, Nrf2 protein binds to
Keapl1 [48]. When Nrf2 is activated, Nrf2 separates from Keapl and moves into the cell nucleus by
phosphorylation of Nrf2. The released Nrf2 then binds with antioxidant response element to promote
the expression of phase II enzymes and endogenous antioxidants to restore the homeostasis of reactive
oxygen species [49,50]. Our Western blotting data of the light-damaged retinas treated with L/Zi
showed that p-JNK expression was significantly downregulated. This is consistent with the finding
that lutein and zeaxanthin downregulated the lipopolysaccharide-induced increase of p-JNK levels in
cultured human uveal melanocytes [51]. Furthermore, our Western blotting data also revealed that the
Nrf2 expression was significantly upregulated in mice with L/Zi treatment, which is consistent with
the study in mouse microglial (BV-2) cells [52]. These data implied that the MAPK and Nrf2 pathways,
which are involved in OS response, may be positively and negatively related to the photoreceptor
degeneration in light-damaged retina, and the treatment effect of L/Zi may be related to the regulation
of these cellular pathways.

ERS results from protein misfolding in the ER, which has interaction with OS [44,53] and causes
cell death [54]. Its role in the light-induced retinal damage has also been illustrated [40]. GRP78, p-PERK
and ATF6 are part of protein markers of ER stress. Specifically, GRP78 is a master regulator of the
unfolded protein response in ER [55]. PKR-like ER kinase (PERK) is one of the major signaling
pathways of ERS, which regulates cellular protein synthesis related to the influx of proteins into the
lumen of the stressed ER [56,57]. ATF4 is a downstream transcription factor in PERK signaling pathway.
Activated ATF4 increases CCA AT-enhancer-binding protein homologous protein (CHOP) expression,
which in turn regulates the expression of a number of stress-induced target genes and amplify the signal
initiated by the original stress [58]. ERS can also activate the Activating Transcription Factor 6 (ATF6)
which optimizes protein folding and degradation [59-61]. The Western blotting results in our study
demonstrated that L/Zi reduce ERS in light-damaged retinas by downregulating key protein markers
of ERS, including GRP78, p-PERK and ATF6 pathway. A similar reduction of these ERS biomarkers
was observed in diabetic mice treated by wolfberry with high content of lutein and zeaxanthin [62].
Our data indicated that L/Zi might exert its protective effects at least partially through reducing ERS.

5. Conclusions

Treatment with L/Zi could protect photoreceptors against degeneration induced by high intensity
of blue light. The treatment effect of this xanthophyll carotenoid is probably related to the decrease
of OS and ERS pathways. Future studies are needed to explore this study of L/Zi in other animal
models of inherited retinal degeneration, which could form the basis of clinical trials of different types
of retinal degenerations that affect humans.
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Abstract: Oxidative stress and the subsequent oxidative damage to lens proteins is a known causative
factor in the initiation and progression of cataract formation, the leading cause of blindness in
the world today. Due to the role of oxidative damage in the etiology of cataract, antioxidants
have been prompted as therapeutic options to delay and/or prevent disease progression. However,
many exogenous antioxidant interventions have to date produced mixed results as anti-cataract
therapies. The aim of this review is to critically evaluate the efficacy of a sample of dietary and topical
antioxidant interventions in the light of our current understanding of lens structure and function.
Situated in the eye behind the blood-eye barrier, the lens receives it nutrients and antioxidants
from the aqueous and vitreous humors. Furthermore, being a relatively large avascular tissue the
lens cannot rely of passive diffusion alone to deliver nutrients and antioxidants to the distinctly
different metabolic regions of the lens. We instead propose that the lens utilizes a unique internal
microcirculation system to actively deliver antioxidants to these different regions, and that selecting
antioxidants that can utilize this system is the key to developing novel nutritional therapies to delay
the onset and progression of lens cataract.

Keywords: dietary antioxidants; antioxidant supplements; lens; cataract

1. Introduction

Lens cataract is the leading cause of visual impairment and blindness worldwide [1,2]. It has been
estimated that over 68% of people over 79 years of age have some form of reduced lens opacity or
cataract [3], with disease incidence increasing with age. Clinically four main forms of lens cataract are
recognised: sub-capsular, cortical, nuclear and mixed (nuclear and cortical). Of these classes, diabetic
cortical cataract and age related nuclear (ARN) cataract are the most common. Population growth,
sedentary lifestyles, unhealthy diets and an increasing prevalence of obesity are increasing the number
of people with diabetes mellitus. Worldwide more than 285 million people are affected by diabetes
mellitus with the number expected to increase to 439 million by 2030 [4]. A frequent complication of
both type 1 and type 2 diabetes is diabetic cortical cataracts which occur 2-5 times more frequently in
patients with diabetes, and occur at an earlier age [5]. In parallel, our aging population is growing
at a remarkable rate with the population aged 60 years or over predicted to double to 2.1 billion by
2050 [6]. Age is major risk factor for cataracts with the current estimate of cataracts to afflict more than
20 million people worldwide. Given our globally aging population, the social and economic costs of
lens cataract are quite staggering and the demand for cataract surgery far exceeds limited public health
resources. In the USA alone, cataract surgery is the most commonly performed surgical procedure and
costs around $3.5 billion per year. In Australia, where it has been estimated that the population will
increase by 22% between 1996 and 2021, the incidence of age-related cataract will disproportionately
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increase by 76% during the same period [7]. While in New Zealand, it is predicted that by 2020 almost
22,800 New Zealanders will have vision loss and about 2,000 will be blind, due to cataract [8]. Annually
some 16,000 cataract surgeries are performed in New Zealand, and in 2009-2010 more than 30 million
dollars was spent on public inpatient and day stay services for cataract operations [8].

Thus, it is expected that the burden of cataract-impaired vision will increasingly outstrip the
resources available for its surgical treatment. The alternative approach is to delay the onset of cataract.
It has been predicted that delaying the onset of cataract by 10 years will halve the incidence of
ARN cataract, greatly reducing the need for, and expense associated with, surgical intervention [9].
Since cataract is a progressive disease of old age, any medical therapy devised would need to be taken
by a large cohort of the population over many years to be effective. Hence, it is likely that the most
effective treatment will be in the form of nutritional supplements, either delivered orally or via eye
drops. However, while there is evidence that diet can influence the onset and incidence of cataract
(see Table 1), the results from trials into the use of nutritional supplements to prevent cataract have had
mixed results (see Table 2). For example, the protective effects of antioxidant Vitamin supplements have
been advocated in a number of studies [10-12], but a randomized, placebo-controlled trial of Vitamin
E and cataract [13], and the Age-Related Eye Disease Study involving use of a high-dose formulation
of Vitamin C, Vitamin E, and beta carotene [14], revealed no significant benefits of antioxidants.
Furthermore, in large, prospective, population-based cohorts it was found that high-dose Vitamin
C or Vitamin E supplements had a statistically significant increased risk of age-related cataract [15],
most likely due to the pro-oxidative properties of Vitamins C and E at high doses reported in in vitro
studies [16,17]. While in a large-scale randomized trial of women at high risk of cardiovascular disease,
daily supplementation with a combination of folic acid, vitamin By, and vitamin By, had no significant
effect on cataract, but may have increased the risk of cataract extraction [18]. However, high intake
of dietary vitamin K; was associated with a reduced risk of cataracts in an elderly Mediterranean
population even after adjusting by other potential confounders [19]. These inconsistencies are in
part firstly because lens cataract manifests as multiple disease phenotypes and different nutritional
supplements may be more effective on a specific type of cataract, and secondly from a general lack of
knowledge on how nutrients are delivered to, and metabolized in the distinctly different regions of the
lens. Confounding this variability are differences in the methodology of the studies used to assess the
efficacy of a dietary intervention on reducing the incidence of cataract.

In this review, we first characterize the etiology of the main types of lens cataract, and then provide
a summary of the evidence for and against the efficacy of nutritional status to delay or prevent the
onset of these different sub-types of lens cataract. Then we provide an overview of lens structure and
function to highlight how an increased understanding of these properties will be required to design
more targeted nutritional strategies to reduce the incidence of cataract.

2. The Etiology of Lens Cataract

Loss of lens transparency manifests itself clinically as cataract, the leading cause of blindness
worldwide [2,20]. The two most common types of age-related cataract, cortical and nuclear cataract,
have different damage phenotypes and are associated with a loss of transparency in the lens cortex and
nucleus, respectively [21].

2.1. Cortical Cataract

Clinically, cortical cataract presents as wedge shaped or radial spoke opacifications in the lens
cortex (Figure 1A), and is particularly prevalent in the elderly or diabetic patients [22]. Cortical cataracts
tend to be associated with significant astigmatic shifts [23], caused by asymmetrical refractive index
changes within the lens cortex [24]. This change in refractive index is most likely due to accumulation
of fluid in the lens cortex since, at the cellular level, this light scattering is due to a discrete localized
zone of tissue liquefaction surrounded by cells that have a normal morphological structure [25].

101



Nutrients 2019, 11, 1186

Anterior
e B AR SDH
TGIuche Sorbitol Fructose
Cortex
Cortical e \ NADPH NADP NAI ADH
ortica =9 1 1« )
e : ] — { NADH
opacities & - Nucleus 656 GR S ¥ oxidase
; o OSMOTIC STRESS \
s DXIDATIVE] OXIDATIVE]
Podtarior STRESS \ T — / STRESS
volume regulation

Lens swelling
Depolarisation
Influx of Na* and Ca*"

[ Sustained Ca™*influx ]

[ Activation of proteolytic enzymes |

Posterior lens

[ Protein modification (AGEs) and aggregation

CATARACT

Figure 1. Cortical cataracts. (A) Location of the cortical cataract subtype. Top panel: diagram showing

the opacities that form in the lens cortex. Lower panel: Scheimpflug slit-lamp photographic image
revealing a cortical cataract. (B) Molecular mechanisms involved in the pathogenesis of diabetic
cortical cataract. An increase in glucose leads to a decrease in GSH and an increase in reactive
oxygen species (ROS) as indicated by the red arrows. The induced osmotic and oxidative stress work
synergistically to inhibit the ability of fibre cells to regulate their volume. This leads to cell swelling,
depolarization and an influx of sodium and calcium ions. The accumulation of calcium ions results
in the activation of calcium-dependent proteases, which target cytoskeletal and crystallin proteins.
Furthermore, proteins are modified by the formation of advanced glycation end (AGEs) products,
which are known to alter the structure and function of crystallins, resulting in an increase in insoluble
proteins, the formation of high molecular weight aggregates, and cataract.

Animal models such as the streptozotocin (STZ) rat, a model used to chemically induce Type
1 diabetes by destroying pancreatic betacells, and galactose fed animals, a model for obese Type 2
diabetes, have been used to understand the mechanisms of diabetic cataract formation. These models
have been commonly used because diabetes or galactosemia can be induced rapidly and effectively
resulting in formation of “fast” sugar lens cataract. From these animal studies, the consensus view
was that high levels of the impermeable osmolyte, sorbitol, produced from excess glucose by the
enzyme aldose reductase (AR), initiates osmotic stress, resulting in the attraction of fluid, lens fiber cell
swelling and tissue liquefaction [26-28]. Based on this view, considerable attention was focused on the
development and testing of AR inhibitors, which were proven to be very successful in ameliorating
diabetic cataract in rats and dogs [29], but ineffective in humans. The failure of aldose reductase
inhibitors to slow the progression of cataract in humans lies with the differences in AR activity and
polyol accumulation between rats and humans, with humans exhibiting low levels of AR activity
relative to rat. In addition, the acute animal models replicate the fast development of cataract that
occurs in diabetic patients with uncontrolled hyperglycemia. However, most diabetic patients are
able to control their blood glucose reasonably well and so such acute cataract development is rarely
seen. Instead, the majority of adult diabetic patients typically develop cataract after having suffered
from diabetes for several years. Therefore, while the initiating mechanism in the development of
diabetic cataract is osmotic stress, it is now believed that oxidative stress generated by polyol pathway
activity [30], impairs the ability of the lens over time to regulate its volume, resulting in slow developing
cataract formation [31]. This suggests that osmotic and oxidative stress work synergistically to cause a
loss of cell volume and tissue liquefaction in the lens cortex (Figure 1B).

102



Nutrients 2019, 11, 1186

2.2. Age-Related Nuclear (ARN) Cataract

Age-related nuclear cataract is initiated in the central core of the lens, which contains primary fiber
cells that were initially laid down during embryonic development (Figure 2A). Clinically, age-related
nuclear cataract appears as a browning or brunescence of the lens nucleus [32]. In contrast to cortical
cataract, the morphology of the cells in the lens nucleus from nuclear cataract patients reveal no major
structural distortions [33,34]. Instead, nuclear cataract is associated with the extensive loss of protein
sulfhydryl groups, with over 90% of cysteine residues and ~50% of methionine residues being found
oxidized in nuclear proteins in lenses obtained from patients with ARN cataract [35-38]. Accompanying
the loss of protein sulfhydryl groups is an increase in protein-thiol mixed disulfides [39,40], and an
increase in the water insoluble fraction [32,38], which culminate in the formation of protein-protein
disulfides (PSSP), and other cross-linkages that lead to protein aggregation and light scattering.
This series of biochemical changes has been extensively reviewed [41—43] and there is general
agreement that oxidative stress is the major contributing factor to age-related nuclear cataract formation
(Figure 2B). The unresolved question in nuclear cataract research now centers on how the normally
robust oxygen radical scavenger systems present in the lens fail with advancing age, and initiate the
observed protein aggregation specifically in the nucleus of the lens.
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Figure 2. Nuclear cataracts. (A) Location of the nuclear cataract subtype. Left panel: diagram showing
the opacities that form in the lens nucleus. Right panel: Scheimpflug slit-lamp photographic image
revealing a nuclear cataract. (B) Molecular mechanisms involved in the pathogenesis of age-related
nuclear cataract. GSH levels are maintained at high levels within the lens by a combination of pathways
including regeneration of oxidised GSH (GSSG) back to GSH via the enzyme glutathione reductase
(GR) as well as repair enzymes thioltransferase (Ttase), which dethiolate protein mixed disulfides,
such as protein bound GSH (PSSG), and thioredoxin (TrX), that dethiolates protein-protein disulphides
(PSSP). In age related nuclear cataract, depletion of GSH levels in the nucleus, but not the lens cortex,
results in significant oxidation of nuclear proteins, an increase in protein mixed disulphides, formation
of protein-protein disulfide bonds, protein aggregation, loss of protein solubility, increased yellowing
of the lens nucleus, and eventual nuclear cataract formation.

At younger ages, the human lens is normally protected against oxidative damage by a robust
oxygen radical scavenger system, which utilizes GSH as its principal antioxidant to detoxify reactive
oxygen species (ROS) [44]. A GSH concentration gradient exists in the lens, with GSH levels highest in

103



Nutrients 2019, 11, 1186

the cortex and lowest in the nucleus. The high levels of GSH in the outer cortex are maintained by a
combination of synthesis of GSH from its precursor amino acids; cysteine, glutamate and glycine [45];
direct uptake of GSH from the aqueous [46,47]; and the recycling of GSSG to GSH by glutathione
reductase (GR), which utilizes NADPH, generated by the metabolism of glucose, as a reducing
equivalent [44,48]. In contrast, cells in the lens nucleus have lost their capacity to synthesise GSH [49],
and rely on anaerobic metabolism to produce their energy requirements [50]. Therefore, mature fiber
cells can only maintain their GSH levels by delivery of GSH to the nucleus and/or local regeneration
of GSH by GR. In ARN cataract, cortical fiber cells maintain their GSH levels, but GSH levels in the
nucleus are significantly depleted (< 2mM) [51,52]. These observations have led to the hypothesis
that ARN cataract is due to an inability to maintain GSH levels in the lens nucleus due to a failure
to deliver GSH to the lens centre [53]. As a result, dietary supplementation with antioxidants has
been extensively studied as a potential way to delay or prevent cataracts by countering the negative
effects of oxidative stress. In this regard, GSH supplementation would appear to be the most obvious
antioxidant to administer to restore the depleted levels of GSH observed in the nucleus of the old lens.
However, GSH is poorly absorbed by an oral route mainly due to the action of an intestinal enzyme,
the y-glutamyl transpeptidase (GGT) which degrades GSH [54]. As a result, it’s low bioavailability
would mean that very little GSH would reach the lens, let alone the lens nucleus, and so other strategies
for enhancing antioxidant levels in the lens have been investigated.

3. Evidence for and Against Nutritional Strategies to Prevent Lens Cataract

Although the pathogenesis of cortical and age related nuclear cataract are different,
oxidative damage has been implicated as an underlying cause of the distinctly different damage
phenotypes [30,31,42,43]. Because of this link between oxidative stress and cataract formation, it has
been proposed that topical application and/or dietary interventions with antioxidants can be used as
therapies to delay or prevent cataract progression. Hence, multiple studies have been conducted to
assess the efficacy of such nutritional interventions. Unfortunately, a simplistic view of supplementing
the lens with antioxidants has proven to be ineffective, and in some cases detrimental, in delaying
cataract progression. This in part may be due to the emerging recognition that reactive oxygen species
act as important modulators of redox signalling critical in maintaining normal metabolism and cellular
processes. As such, antioxidant supplementation may in fact be counterproductive, eliminating
physiological reactive oxygen species required for normal redox signaling and cellular function [55-58].
Therefore, in developing an antioxidant based cataract therapy, it is important to identify not only
an appropriate antioxidant to minimise oxidative stress specifically in the lens, but also to consider
how this antioxidant will be delivered at levels that will effectively restore antioxidant balance in the
different lens regions to delay the formation of a specific type of cataract.

Effectiveness of Antioxidant Therapies on Cataract Progression—A Survey of the Literature

To gain a snap shot of the current effectiveness of antioxidant therapies to reduce the incidence
of cataract formation, a survey of the literature was performed. This survey of the literature utilized
Google Scholar to extract key references from texts and publications published in English from 2000
onwards, and utilized the search terms cataracts / vision AND antioxidants / supplements / nutrition.
Research involving case-control, observational and randomised control design were included, but only
if they investigated dietary antioxidants (including lutein, xanthine, Vitamin C, E, A, selenium,
polyphenols) and/or fruit and vegetable intake on cataract incidence or progression. The initial
search generated 15,900 publications, which once customized to publication date, was reduced to
14,500 articles. Of this search, the first 2900 articles were reviewed by title, representing up to page
30 of the database search. 2845 publications were excluded on the basis of the predefined criteria
(predominantly a lack of relevancy, i.e. non-cataract), leaving 55 publications that were subjected
to independent review in full by two authors (CD, AB). Disagreement between authors on their
inclusion/exclusion was discussed, and a further 29 publications were excluded following full text
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review. In addition to the primary research articles, there were 14 reviews on the topic that proved
useful for background evidence [1,3,59-70]. For ease of presentation, the results of this search are
separated into the effects of whole dietary (Table 1), or topical supplement (Table 2) interventions on
the incidence or progression of age-related cataracts.

Table 1. Studies investigating antioxidant-rich food on disease progression.

Vitamin C
Author Any CAT NUC CX PSC
Christen, 2008 [71]  RR 1.00; 95% CI - - -
0.86-1.16; P = 0.61
Dherani, 2008 [72] ~ OR 0.64; 95% CI OR 0.62; 95% CI OR 0.62; 95% CI OR 0.59; 95% CI
0.48-0.85; P <0.01  0.4-0.96; P = 0.06 0.40-0.97; P=0.10  0.35-0.99; P = 0.10
Jaques, 2001 [73] - OR 0.31; 95% CI - -

0.16-0.58; P = 0.003

Pastor-Valero, 2013
[74]

OR 0.46; 95% CI
0.24-0.88; P = 0.047

Ravindran, 2011 Plasma levels: OR OR 0.66; 95% CI OR 0.70; 95% CI OR 0.58; 95% CI
[75] 0.61; 95% CI 0.54-0.80; P < 0.54-0.90; P < 0.002 0.45-0.74; P <
0.57-0.82; P < 0.0001 0.00003
0.0001Dietary OR
0.78; 95% CI
0.62-0.98; P = 0.006
Tan, 2008 [76] - OR 0.55; 95% CI OR 0.94; 95% CI OR 1.15; 95% CI
0.36-0.86; P =0.045 0.63-1.40; P =0.698 0.06-2.23; P = 0.954
Theodoropoulou, OR 0.50; 95% CI OR 0.55; 95% CI OR 0.62; 95% CI OR 0.30; 95% CI
2014 [77] 0.39-0.64; P < 0.001 0.41-0.72; P <0.001 0.37-1.04; P =0.071  0.19-0.49; P<0.001
Valero, 2002 [12] OR 0.70; 95% CI OR 0.56; 95% CI OR 0.92; 95% CI OR 0.75; 95% CI
0.44-1.13; P =0.04  0.38-0.82 0.60-1.40 0.51-1.05
Yoshida, 2007 [78] Men: OR 0.65;95% - - -
CI10.42-0.97; P =
0.094
Women: OR 0.59;
95% CI 0.43-0.89; P
=0.047
Vitamin E
Author Any CAT NUC CX PSC
Christen, 2008 [71]  RR 0.92; 95% CI - - -
0.80-1.06; P = 0.39
Jaques, 2001 [73] - OR 0.45; 95% CI - -
0.23-0.86; P = 0.06
Pastor-Valero, 2013  OR 0.46; 95% CI - - -
[74] 0.24-0.88; P = 0.944
Tan, 2008 [76] - OR 0.73; 95% CI OR 0.91; 95% CI OR 0.95; 95% CI
0.47-1.13; P =0.155 0.62-1.33; P =0.944 0.50-1.83; P=0.597
Theodoropoulou, OR 0.50; 95% CI OR 0.50; 95% CI OR 0.71; 95% CI OR 0.42; 95% CI
2014 [77] 0.38-0.66; P < 0.001  0.36-0.69; P < 0.001 0.41-1.25; P =0.238 0.26-0.68; P < 0.001
Valero, 2002 [12] OR 0.77;95% CI OR 0.81; 95% CI OR 1.00; 95% CI OR 1.16; 95% CI

0.48-1.24; P = 0.60

0.50-1.28

0.59-1.72

0.71-1.90
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Table 1. Cont.

Vitamin A (Retinol)

Author

Any CAT

NuUC

CX

PSC

Dherani, 2008 [72]

OR 0.58; 95% CI
0.37-0.91; P < 0.02

OR 0.56; 95% CI
0.33-0.46; P = 0.04

OR 0.69; 95% CI
0.38-1.26; P = 0.20

OR 0.69; 95% CI
0.39-1.23; P = 0.20

Tan, 2008 [76]

OR 066; 95% CI
0.42-10.3; P = 0.056

OR 0.84; 95% CI
0.56-1.25; P = 0.305

OR 1.04; 95% CI
0.54-2.02; P = 0.604

Theodoropoulou,
2014 [77]

OR 1.47; 95% CI
1.150-1.88; P =
0.002

OR 1.46; 95% CI
1.11-1.92; P = 0.007

OR 1.02; 95% CI
0.51-2.02; P = 0.962

OR 1.88; 95% CI
1.35-2.63; P < 0.001

Valero, 2002 [12]

OR 0.82; 95% CI
0.50-1.03; P = 0.21

Plasma levels: OR
1.67;95% CI
1.02-2.72

Plasma levels: OR
1.82;95% CI
1.09-3.08

Plasma levels: OR
1.22; 95% CI
0.73-2.03

Selenium

Author

Any CAT

NuUC

CX

PSC

Valero, 2002 [12]

OR 0.97; 95% CI
0.60-1.58; P = 0.34

OR 0.71; 95% CI
0.48-1.04

OR 0.88; 95% CI
0.58-2.46

OR 1.03; 95% CI
0.70-1.51

Carotenoids

Author

Any CAT

NUC

CX

PSC

Christen, 2008 [71]

Lutein/zeaxanthin:
RR 0.82; 95% CI
0.71-0.95; P = 0.045
Alpha-carotene:
RR 0.96; 95% CI
0.84-1.11; P=0.77
Beta-carotene: RR
0.89; 95% CI
0.77-1.02; P = 0.27
Beta-cryptoxanthin:
RR 0.92; 95% CI
0.80-1.06; P = 0.19
Lycopene: RR 0.96;
95% C10.52-30.7; P
=06

Delcourt, 2006 [79]

Plasma
levels:Lutein: OR
0.82; 95% CI
0.48-1.41; P =0.48
Zeaxanthin: OR
0.57; 95% CI
0.34-0.95; P = 0.03
Beta-carotene: OR
0.69; 95% CI
0.40-1.19; P = 0.17
Alpha-carotene:
OR 0.69; 95% CI
04-1.19; P=0.17

Beta-cryptoxanthin:

OR 0.71; 95% CI
0.42-1.20; P =0.20
Lycopene: OR 1.17;
95% CI10.68-2.01; P
=0.58

Plasma
levels:Lutein: OR
0.60; 95% CI
0.24-1.47, P =0.26
Zeaxanthin: OR
0.25; 95% CI
0.08-0.71; P = 0.004
Beta-carotene: OR
0.42; 95% CI
0.16-1.12; P = 0.07
Alpha-carotene:
OR 0.76; 95% CI
0.29-2.03; P = 0.52

Beat-cryptoxanthin:

OR 0.70; 95% CI
0.29-1.68; P = 0.40
Lycopene: OR 1.01;
95% C10.41-2.51; P
=0.99

Plasma
levels:Lutein: OR
0.75; 95% CI
0.23-2.47; P = 0.63
Zeaxanthin: OR
1.09; 95% CI
0.37-3.26; P = 0.83
Beta-carotene: OR
1.10; 95% CI
0.28-4.26; P = 0.93
Alpha-carotene:
OR 0.97; 95% CI
0.32-2.91; P = 0.96

Beta-cryptoxanthin:

OR 1.49; 95% CI
0.48-4.68; P = 0.49
Lycopene: OR 0.92;
95% C10.27-3.13; P
=0.59

Plasma
levels:Lutein: OR
1.26; 95% CI
0.52-3.07; P = 0.60
Zeaxanthin: OR
0.84; 95% CI
0.34-2.07; P = 0.68
Beta-carotene: OR
0.51; 95% CI
0.19-1.36; P = 0.16
Alpha-carotene:
OR 0.72; 95% CI
0.30-1.73; P = 0.46
Beta-cryptoxanthin:
OR 0.42; 95% CI
0.15-1.18; P = 0.09
Lycopene: OR 1.19;
95% C10.49-2.88; P
=0.70
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Table 1. Cont.

Dherani, 2008 [72]

Lutein: OR 0.66;
95% CI10.43-1.02; P
=0.06

Zeaxanthin: OR
0.66; 95% CI
0.45-0.96; P < 0.03

Beta-cryptoxanthin:

OR 0.88; 95% CI
0.63-1.23; P = 0.50
Alpha-carotene:
OR 0.69; 95% CI
0.50-0.95; P < 0.05
Beta-carotene: OR
0.77;95% CI
0.45-1.32; P =0.30
Lycopene: OR 0.78;
95% C10.49-1.23; P
=0.20
Alpha-tocopherol:
OR 0.58; 95% CI
0.36-0.94; P = 0.04
Gamma-tocopherol:
OR 0.75; 95% CI
0.57-0.98; P = 0.06

Lutein: OR 0.75;
95% CI0.44-1.31; P
=0.30

Zeaxanthin: OR
0.71; 95% CI
0.43-1.17; P = 0.20

Beta-cryptoxanthin:

OR 0.83; 95% CI
0.56-1.22; P = 0.30
Alpha-carotene:
OR 0.74; 95% CI
0.48-1.14; P =0.20
Beta-carotene: OR
0.75; 95% CI
0.44-1.26; P = 0.20
Lycopene: OR 0.83;
95% CI10.50-1.37; P
=040
Alpha-tocopherol:
OR 0.60; 95% CI
0.30-1.20; P =0.10

Gamma-tocopherol:

OR 0.99; 95% CI
0.62-1.58; P = 0.90

Lutein: OR 0.53;
95% CI10.28-1.02; P
=0.10

Zeaxanthin: OR
0.58; 95% CI
0.30-1.12; P =0.10

Beta-cryptoxanthin:

OR 0.93; 95% CI
0.54-1.56; P = 0.90
Alpha-carotene:
OR 0.86; 95% CI
0.60-1.22; P =0.70
Beta-carotene: OR
1.02; 95% CI
0.52-1.99; P = 0.90
Lycopene: OR 1.17;
95% C10.54-2.53; P
=0.70
Alpha-tocopherol:
OR 0.58; 95% CI
0.25-1.35; P =0.20

Gamma-tocopherol:

OR 0.84; 95% CI
0.44-1.00; P = 0.50

Lutein: OR 0.72;
95% CI10.30-1.71; P
=040

Zeaxanthin: OR
0.84; 95% CI
0.43-1.67; P = 0.60
Beta-cryptoxanthin:
OR 1.06; 95% CI
0.54-2.05; P = 0.80
Alpha-carotene:
OR 0.80; 95% CI
0.39-1.65; P = 0.60
Beta-carotene: OR
0.71; 95% CI
0.30-1.68; P = 0.40
Lycopene: OR 0.68;
95% CI10.29-1.61; P
=0.30
Alpha-tocopherol:
OR 1.11; 95% CI
0.42-2.91; P = 0.90
Gamma-tocopherol:
OR 1.16; 95% CI
0.69-1.93; P = 0.60

Jaques, 2001 [73]

Alpha-carotene:
OR0.71; 95% CI
0.37-1.35; P = 0.39
Beta-carotene: OR
0.52; 95% CI
0.28-0.97; P = 0.08
Beta-cryptoxanthin:
OR 0.68; 95% CI
0.34-1.35; P = 0.06
Lutein/zeaxanthin:
OR 0.52; 95% CI
0.29-0.91; P = 0.08
Lycopene: OR 1.16;
95% C10.63-2.16; P
=0.79

Moeller, 2008 [80]

Lutein: OR 0.68;
95% CI 0.48-0.97; P
=0.04

Zeaxanthin: OR
0.68; 95% CI
0.47-0.98; P = 0.01

Tan, 2008 [76]

Beta-carotene: OR
1.09; 95% CI
0.69-1.72;, P = 0.715

Beta-carotene: OR
1.06; 95% CI10.7-1.6;
P =0.854

Beta-carotene: OR
0.76; 95% CI
0.37-1.59; P = 0.317

107



Nutrients 2019, 11, 1186

Table 1. Cont.

Theodoropoulou, Carotene: OR 0.56;  Carotene: OR 0.50;  Carotene: OR 0.68;  Carotene: OR 0.58;
2014 [77] 95% CI10.45-0.69; P 95% CI0.39-0.65; P  95% CI10.43-1.05, P  95% CI 0.40-0.86; P
< 0.001 < 0.001 =0.084 =0.007
Valero, 2002 [12] Beta-carotene: OR  Blood lycopene: Blood lycopene: Blood lycopene:
0.82; 95% CI OR 1.55; 95% CI OR 1.20; 95% CI OR 1.34; 95% CI
0.51-1.33; P = 0.34 1.00-2.38 0.76-1.90 0.87-2.07
Alpha-carotene:
OR 0.64; 95% CI
0.39-1.04; P = 0.07
Beta-cryptoxanthin:
OR 0.97; 95% CI
0.61-1.56; P = 0.41
Lutein: OR 1.00;
95% CI 0.64-1.64; P
=0.78
Zeaxanthin: OR
0.99; 95% CI
0.61-1.60; P = 0.83
Lycopene: OR 1.11;
95% CI0.69-1.78; P
=0.81
Other
Author Any CAT NUC CX PSC
Mares, 2010 [81] - High vs low HEI - -
score: OR 0.63; 95%
CI10.43-0.91

Rautiainen, 2014
[82]

Highest vs lowest
TAC quintile: OR
0.87 95% CI

0.79-0.96; P = 0.03

Table 2. Studies investigating antioxidant rich supplements on cataract incidence.
Author Sample Size ~ Nutrients Examined Key Findings
(n), Age
(years)
Multi-Vitamins
Mares-Perlman, 2000 [85]  n = 3089 Supplementary The 5-year risk for any CAT was 60% lower
Multivitamin, Vitamin  for multivitamins or any supplement use
C, Vitamin E containing Vitamin C or E for more than 10

years. 10-year multivitamin use lowered the
risk for NUC and CX but not for PSC (OR 0.6,
95% CI 0.4-0.9; OR 0.4, 95% CI 0.2-0.8; and
OR, 0.9 95% CI 0.5-1.9; respectively).
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Table 2. Cont.

Author Sample Size Nutrients Examined Key Findings
(n), Age
(years)
Kuzniarz, 2001 [11] n = 2873, Supplementary Use of multivitamin supplements was
49-97 years Vitamin A, Thiamine, associated with reduced prevalence of NUC,
Riboflavin, Niacin, OR 0.6, 95% CI1 0.4-1.0, P =0.05. For both
Pyridoxine, Folate, NUC and CX, longer duration of
Vitamin B12 multivitamin use was associated with
reduced prevalence (NUC, trend P = 0.02; CX,
trend P = 0.03). Use of thiamin supplements
was associated with reduced prevalence of
NUC (OR 0.6, 95% CI0.4-1.0, P = 0.03, dose
trend P = 0.03) and CX (OR 0.7, 95% CI
0.5-0.9, P = 0.01, dose trend P = 0.02).
Riboflavin (OR 0.8, 95% CI 0.6-1.0, P = 0.05)
and niacin (OR 0.7, 95% CI 0.6-1.0, P = 0.04)
supplements exerted a weaker protective
influence on CX. Vitamin A supplements
were protective against NUC (OR 0.4, 95% CI
0.2-0.8, P = 0.01, dose trend P = 0.01). Folate
(OR 0.4, 95% CI 0.2-0.9, P = 0.03) appeared
protective for NUC, whereas both folate
(NUC 0.6, 95% C10.3-0.9, P = 0.01, dose trend
P =0.04) and Vitamin B12 supplements (OR
0.7,95% CI 0.5-1.0, P = 0.03, dose trend P =
0.02) were strongly protective against CX.
Age-Related Eye Disease 1 = 4590, - Supplementary Centrum™ use is associated with a
Study Research Group, Centrum™ reduction in any lens opacity progression (OR
2006 [86] Multivitamin (Vitamin ~ 0.84, 95% CI 0.72-0.98, P = 0.025). Also
A,E,C,B1,B2,B12,B6, protective for nuclear opacity events (OR 0.75,
D, Folic acid, 95% CI10.61-0.91, P = 0.004).
Niacinamide, Biotin,
Pantothenic acid,
Calcium, Phosphorus,
Todine, Iron,
Magnesium, Copper
Zinc)
Zheng Selin, 2013 [83] n = 31120, Supplemental Vitamin ~ The multivariable- adjusted HR for Vitamin C
45-79 years C, Vitamin E, supplements only was 1.21 (95% CI 1.04-1.41)
Low dose in compared to non-users. The HR for
multivitamins long-term Vitamin C users (210 years before
baseline) was 1.36 (95% CI 1.02-1.81). The HR
for Vitamin E use only was 1.59 (95% CI
1.12-2.26). Use of multivitamins only or
multiple supplements in addition to Vitamin
C or E was not associated with cataract risk.
Single Vitamins
Christen, 2004 [87] n = 39876, > Supplementary 129 CAT in the beta-carotene group and 133 in
45 years Beta-carotene the placebo group (RR 0.95, 95% CI 0.75-1.21).
(50mg.d'] , alternate For cataract extraction, there were 94 cases in
days) the beta-carotene group and 89 cases in the
placebo group (RR 1.04, 95% CI 0.78-1.39).
Christen, 2008 [88] n =39876, > Supplementary No significant difference between the Vitamin
45 years Vitamin E (600 TU.d"!, E and placebo groups in the incidence of CAT

alternate days)

(RR 0.96; 95% CI 0.88-1.04). No significant
effects of Vitamin E on the incidence of NUC
(RR 0.94; 95% CI 0.87-1.02), CX (RR 0.93; 95%
CI0.81-1.06), or PSC (RR 1.00; 95% CI
0.86-1.16).
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Table 2. Cont.

Author Sample Size Nutrients Examined Key Findings
(n), Age
(years)
Christen, 2015 [89] n = 35533, Supplementary 185 CAT in the selenium group and 204 in
>50 years Selenium (200 ug.cl'1 placebo (HR 0.91; 95 % CI 0.75-1.11; P = 0.37).
from For Vitamin E, there were 197 cases in the
L-selenomethionine), Vitamin E group and 192 in placebo (HR 1.02;
Vitamin E (400 TU.d"! 95 % CI 0.84-1.25; P = 0.81)
of all rac-x-tocopheryl
acetate)
Christen,2010 [90] n =11545, Supplementary 579 CAT in the Vitamin E treated group and
>50 years Vitamin E (400 TU.d"!, 595 in the Vitamin E placebo group (HR 0.99;
alternate days) Vitamin ~ 95% CI 0.88-1.11). For Vitamin C, there were
C (500 mg.d™! alternate 593 cataracts in the treated group and 581 in
days) the placebo group (HR 1.02; 95% CI
0.91-1.14).

Christen,2002 [91] n =22071 Supplementary No difference between the beta-carotene and
Beta-carotene (50 placebo groups in the overall incidence of
mg.d'l, alternate days)  CAT (998 cases vs 1017 cases; RR 1.00; 95% CI

0.91-1.09) or CAT extraction (584 vs 593; RR
1.00; 95% CI 0.89-1.12).

Ferringo, 2005 [92] n=1020 Supplementary High Vitamin C levels were associated with a
Vitamin A, Vitamin C,  protective effect on NUC (OR 0.54; 95% CI
Vitamin E, 0.30, 0.97) and PSC (OR: 0.37; 95% CI:
Beta-carotene 0.15-0.93). High Vitamin E levels were

associated with increased prevalence of CX
(OR 1.99; 95% CI 1.02-3.90), PSC (OR 3.27;
95% CI 1.34-7.96) and of any CAT (OR 1.86;
95% CI1.08-3.18).

Rautiainen, 2009 [15] n = 24593, Supplementary HR of Vitamin C supplement users compared

49-83 years Vitamin C with that for nonusers was 1.25 (95% CI 1.05,

1.50). The HR for the duration of 10 y of use
before baseline was 1.46 (95% CI 0.93, 2.31).
The HR for the use of multivitamins
containing Vitamin C was 1.09 (95% CI 0.94,
1.25). Among women aged 65y, Vitamin C
supplement use increased the risk of CAT by
38% (95% CI 12%, 69%).

The REACT Group,2002 n =297 Supplementary After two years of treatment, there was a

[84] Vitamin E (200 mg small positive treatment effect in U.S. patients

all-rac
alpha-tocopherol
acetate), Vitamin C
(250 mg ascorbic acid),
and b-carotene (6 mg)

(p = 0.0001); after three years a positive effect
(p = 0.048) in both the U.S. and the U.K.
groups. The positive effect in the U.S. group
was even greater after three years: (IPO =
0.389 (Vitamin) vs. IPO = 2.517 (placebo); p =
0.0001).

The results of our analysis tend to confirm the belief that nutrients provided as a component of
food (Table 1) are superior to mono-nutrient type supplements (Table 2) for the prevention and delay of
cataract disease. It appears a good diet is still central to vision-related health, however, small-moderate
doses of some antioxidants may still be beneficial in reducing the progression and incidence of specific
types of cataract. In general, the literature suggests diets high in fruit and vegetables, Vitamin C,
zeaxanthin, lutein and multivitamin-mineral supplements are associated with lower disease rates,
while supplemental forms of selenium and Vitamin E had little effect.

Indicators and biomarkers of a healthy diet such as the healthy diet index, plasma antioxidant
status and fruit and vegetable intake (Table 1) are associated with slower disease progression in those
with moderate disease status, suggesting early intervention with a good diet is warranted [81]. A high
intake of fruit and vegetables reduced the incidence of cataracts by 62% when data was appropriately
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adjusted, suggesting the simple intervention of consuming the recommended daily intake of fruit and
vegetables is valid in this population group [74].

Lutein and zeaxanthin are the most abundant carotenoid in lens and have been shown to reduce
damage from reactive species in cultured lens epithelial cells [80]. High dietary intake of lutein and
zeaxanthin was associated with a 23% lower incidence of nuclear cataracts [80]. Women and men
with carotenoid (lutein/zeaxanthin) intakes of approximately 4 to 6 mg/day have reduced rates of
cataract extraction [69], demonstrating that dietary intake can not only reduce the incidence but delay
disease progression.

Dietary (Table 1) or low dose supplemental (Table 2) Vitamin C reduces the incidence and
progression of disease, demonstrated in the majority of the 9 studies. However, a study comparing
Vitamin C as part of a multivitamin-mineral (60 mg/day) versus a Vitamin C supplement (1000 mg/day)
showed the high dose, single nutrient actually increased the risk of cataracts, while there was no
change in the multivitamin-mineral group [15]. Also, Zheng-Selin (2013) [83] reported that a high dose
of Vitamin C increased the risk of cataract disease by 21% and Vitamin E increased the risk by 57%.
Studies investigating the plasma concentrations of ascorbic acid support findings from the dietary
supplement studies that reported higher ascorbic acid concentrations were associated with a lower
incidence of cataracts. A small-to-moderate dose of Vitamin C (less than 100 mg/day) appears optimal,
while we caution the recommendation of high dose supplemental Vitamin C, deemed to be equal or
greater than 500 mg/day, particularly when taken chronically. Intakes of 250 mg/day of Vitamin C
did reduce the signs and symptoms of cataracts in a three-month intervention trial [84], suggesting
a short-term dose of Vitamin C may benefit those already diagnosed. The value long-term is still
in question.

While food contains a complex array of phytochemicals, nutrients and satiety factors proving a
range of health benefits, ensuring adequate concentrations of the active ingredients reach the ocular
region is a challenge. The intake of a multivitamin and mineral supplement also reduced the incidence
of cataract disease, with Centrum™ being the most commonly used brand. Centrum™
large range of nutrients in amounts reflecting a small percentage of the recommended daily allowance,
as such is a true dietary supplement rather than an ergogenic aide. One capsule daily reduced the
incidence of cataracts by 3% when taken for less than 10 years and by 6% when taken longer, suggesting
the benefit for multivitamin intake is small, but useful long-term [83].

Mares-Perlman [85], reported a protective effect of supplementary Vitamin E (Table 2) reducing the
incidence of cataracts by 10%, while dietary Vitamin E reduced disease incidence by 80%, confirming
the theory that dietary intake is generally more effective than supplements.

In summary, while the literature is mixed, there appears to be a general consensus that a diet
high in fruit and vegetables containing Vitamin C, E, A and multivitamin-mineral supplements may
be protective against cataracts. While the majority of dietary intake studies show a reduction in the
risk of disease and disease progression, the strongest reductions were obtained with diets high in
vitamin C, E and A, with lesser effects for diets rich in carotenoids and selenium. Data on supplemental
antioxidants provided as low dose multivitamin appear generally positive, while results obtained
using single nutrient antioxidants ranged from moderately effective to possibly harmful. Based on
current data, a healthy diet and a multivitamin supplement may offer protection against cataracts.
If this is the case, it is important to consider how these nutrients are able to reach the lens in sufficient
quantities to be effective in protecting the lens from oxidative damage. In order to understand this
process, a more thorough understanding of lens structure and function is required so that strategies
to enhance the delivery and accumulation of these nutrients particularly in the lens nucleus can be
identified, and harnessed to restore depleted antioxidant levels with advancing age.

contains a

4. Lens Structure and Function

The transparency of the lens is closely linked to the unique structure and function of its fiber cells.
These highly differentiated cells are derived from equatorial epithelial cells, which exit the cell cycle
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and embark upon a differentiation process that produces extensive cellular elongation, the loss of
cellular organelles such as mitochondria and nuclei, and the expression of fiber-specific proteins [93,94].
Fiber cells elongate until fibers from opposite hemispheres meet at the poles and interdigitate to form
the lens sutures [95]. Since this process continues throughout life, a gradient of fiber cells at different
stages of differentiation is established around an internalized core (nucleus) of mature, anucleate fiber
cells that were laid down in the embryo (Figure 3A). While the transparent properties of the lens are a
direct result of its highly ordered tissue architecture, the lens is not a purely passive optical element.
Maintenance of its architecture requires special mechanisms not only to supply the deeper lying fiber
cells with nutrients, but also to control the volume of these cells. Because of its size, the avascular lens
cannot rely on passive diffusion alone to transport nutrients and antioxidants from the surrounding
humours to deeper lying cells, or to transport waste products back to the surface. Instead, it has been
proposed that the lens operates an internal microcirculation system, which maintains lens transparency
by delivering nutrients to the lens core faster than would occur by passive diffusion alone [96-98].

A common feature of all vertebrate lenses studied to date is the existence of a standing flow of ionic
current that is directed inward at the poles and outward at the equator (Figure 3A). Mathias et al [98]
have proposed that these currents measured at the lens surface represent the external portion of a
circulating ionic current that drives a unique internal microcirculatory system that maintains fiber cell
homeostasis and therefore lens transparency. Briefly, this model of lens transport states that a circulating
current of Na™ ions, primarily enters at the poles and travels into the lens via the extracellular clefts
between fiber cells (Figure 3B). Na™ crosses fiber cell membranes, and returns towards the surface via an
intercellular pathway mediated by gap junction channels, where it is actively removed by Na* pumps
concentrated at the lens equator (Figure 3B, top panel). This circulating ionic current creates a net flux
of ions that in turn generates fluid flow (Figure 3B, middle panel). The accompanying extracellular flow
of water convects nutrients towards the deeper lying fiber cells, while the outward intercellular flow,
driven by a hydrostatic pressure gradient [99], removes wastes and creates a well-stirred intracellular
compartment (Figure 3B, bottom panel). Thus active pumping of Na* by surface cells is able to regulate
the ion composition of inner fiber cells and allows them to maintain the ion gradients necessary to
power a variety of secondary active transporters that mediate steady state volume regulation and
nutrient/antioxidant uptake [97].

While the evidence in favour of the circulation system has been accumulating over many
years, it is not universally accepted [50,100]. The main criticisms have centred around our inability,
to date, to actually visualize ion and fluid fluxes within the lens [100] and the perceived need for active
metabolism in the lens nucleus. In an effort to measure water fluxes, Candia et al [101], employed Ussing
chambers to measure regional water fluxes and showed that water influx at the poles is equal to
water efflux at the equator, data which supports the existence of a circulating water fluxes through
the lens. Utilizing a novel combination of MRI and confocal microscopy, Vaghefi et al [102,103] have
visualized for the first time, the ion and fluid fluxes within the lens that were originally predicted by
the microcirculation system. Furthermore, to visualize the delivery of solutes by the microcirculation
system Vaghefi et al., have developed MRI imaging protocols that can visualize the rate of penetration
of a variety of extracellular contrast agents of varying molecular size into the different regions of
the lens [104]. Utilizing this approach, they have shown solute delivery to the lens core is not only
dependent on the size of the extracellular tracer molecule, and also occurs at a rate faster than predicted
for passive diffusion alone, but also that solute delivery is abolished if the microcirculation system is
inhibited [104]. Thus by analogy, it would appear that the delivery of nutrients and antioxidants to the
core of the lens is an active process that occurs via an extracellular route which is driven by the lens
microcirculation system.
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Figure 3. Lens structure and function (A) 3-D representation of the microcirculation model, showing
ions and fluid fluxes that enter the lens at both poles via the extracellular space (blue arrows) before
crossing fiber cell membranes and exiting the lens at the equator via an intracellular pathway (red arrows)
mediated by gap junctions. (B) Equatorial cross-sections showing how the spatial differences in the
distribution of ion channels and transporters between the epithelium (E), differentiating (DF) and
mature (MF) fiber cells that generate the circulating flux of Na* ions (top) that drives isotonic fluid
fluxes (middle) which in turn deliver nutrients to and remove metabolic waste from the MF cells (botton).
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To complete the delivery of nutrients and antioxidants to the core of the lens, the mature cells in this
region of the lens need to be able to accumulate the solutes convected to them via the microcirculation
system. In this regard Lim et al., have shown that mature fiber cells in the lens core differentially
express a wide range of Na*-dependent and independent transporters that are capable of nutrient
and antioxidant uptake in this region of the lens [105-110]. Furthermore, it is emerging that distinct
metabolic compartments exist in the lens [111], which is not surprising considering that the peripheral
differentiating fiber cells contain mitochondria and can perform aerobic metabolism, but mature
fiber cells are devoid of mitochondria and rely on anaerobic metabolism to provide their metabolic
requirements. This implies that in the different regions of the lens distinct metabolic pathways are
utilized to maintain the levels of antioxidants that protect against cataract formation. It follows
therefore, that the dysfunction of those region specific pathways is the underlying cause of the different
etiologies of cortical and nuclear cataract, which in turn explains the variable efficacy of the different
exogenous antioxidant supplements on the two types of cataract observed in epidemiological studies.

5. Conclusions and Future Strategies

With a globally aging population, age related cataracts has grown to epidemic proportions,
placing severe pressures on global and local health systems. Since the initiation of lens cataract is
strongly associated with oxidative damage, the use of exogenous antioxidant interventions has been
advocated as a strategy to slow the progression of lens cataract. However, the majority of these studies
are ineffective in slowing down cataract progression. Rather, it appears that a combination and/or
a range of endogenous nutrients may be more effective in slowing the progression of the different
forms of lens cataract. In this regard, our current understanding of lens structure and function needs
to be incorporated into the design of more effective anti-cataract therapies. By designing nutritional
strategies that take into account the underlying physiology of how specific nutrients and antioxidants
are delivered, taken up, and metabolized to maintain and restore antioxidant levels in the different
regions of the lens, appeals as a strategy to prevent both cortical and nuclear cataract, and thereby
avert the looming cataract epidemic facing our aging population.
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Abstract: Diabetic retinopathy (DR) is one of the most common complications of diabetes mellitus
and is characterized by degeneration of retinal neurons and neoangiogenesis, causing a severe threat
to vision. Nowadays, the principal treatment options for DR are laser photocoagulation, vitreoretinal
surgery, or intravitreal injection of drugs targeting vascular endothelial growth factor. However,
these treatments only act at advanced stages of DR, have short term efficacy, and cause side effects.
Treatment with nutraceuticals (foods providing medical or health benefits) at early stages of DR
may represent a reasonable alternative to act upstream of the disease, preventing its progression.
In particular, in vitro and in vivo studies have revealed that a variety of nutraceuticals have significant
antioxidant and anti-inflammatory properties that may inhibit the early diabetes-driven molecular
mechanisms that induce DR, reducing both the neural and vascular damage typical of DR. Although
most studies are limited to animal models and there is the problem of low bioavailability for many
nutraceuticals, the use of these compounds may represent a natural alternative method to standard
DR treatments.

Keywords: retina; oxidative stress; inflammation; microvascular lesions; neoangiogenesis;
polyphenols; flavonoids; carotenoids; saponins

1. Introduction

Diabetic retinopathy (DR) is a retinal disease representing one of the main causes of vision loss in
developed countries. It has been classically considered a microvascular disease of the retina and is
characterized, in its later stages, by abnormal growth of retinal vessels, which causes hemorrhages
and tractional retinal detachment, leading to vision loss [1]. The understanding of DR has evolved
over time and has clarified the role of the neuronal component of the retina in the progression of the
disease. Indeed, growing experimental evidence suggests that suffering and death of retinal neurons
occur before overt vascular changes [2-4]. For this reason, nowadays DR can be described not only as
a microvascular but also as a neurodegenerative disease of the retina [5].

DR is a multifactorial disease but, to date, the exact pathophysiological mechanisms underlying
neuro-vascular damage are not thoroughly understood. Nevertheless, different pathways and molecular
mechanisms that may cause DR onset have been studied. For instance, the increase in advanced
glycation end-products (AGESs) acting at their receptors (RAGE), the formation and activation of protein
kinase C (PKC), or the increased flux in the polyol or hexosamine pathway have been examined [6,7].
All of these pathways, along with lower levels of glutathione (GSH), are associated with an increase in
oxidative stress. The latter in turn causes different alterations in the diabetic retina as a consequence of
severe lipid peroxidation, protein oxidation, oxidative DNA damage, induction of inflammation, and
upregulation of growth factors, such as vascular endothelial growth factor (VEGF) [8].
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VEGEF is a proangiogenic factor that plays a key role in the late vasculopathy. For this reason,
current DR treatments consist of the intraocular delivery of anti-VEGF molecules whose action induces
restriction or inhibition of abnormal vessel growth. Nevertheless, the administration of anti-VEGF
drugs has limitations and may generate different side effects. In addition, the effects are not long-lasting
and frequent intravitreal injections are necessary [9-11].

Recent studies have highlighted the neuroprotective role of VEGF that can be noticed in the early
phases of DR [12,13]. According to these studies, retinal neurons stressed by diabetes are likely to trigger
the release of VEGF as a survival strategy. However, the persistence of the upstream stress conditions
determines the accumulation of VEGE, leading to disruption of the blood-retina barrier (BRB) and,
in the long term, to neoangiogenesis [14]. It would therefore be appropriate to plan new therapeutic
strategies acting upstream of the disease and to prevent its progression by reducing neuronal stress
and favoring neuroprotection. Moreover, considering the side effects caused by therapeutic agents
administered via intraocular injections, there is a need to develop compounds with antioxidant and/or
anti-inflammatory activity that can be administered through alternative delivery modalities. For this
reason, in the last few years, several studies have focused on the potential benefits of nutraceuticals.

The term “nutraceutical” was coined by Dr. Stephen De Felice in 1989 and indicates “a food (or part
of a food) that provides medical or health benefits, including the prevention and/or treatment of a
disease” [15]. Nutraceuticals are effective antioxidants. They may induce the expression of antioxidant
enzymes, act as scavengers of reactive oxygen species (ROS), or display singlet oxygen-quenching
activity, as in the case of carotenoids [16]. Nutraceuticals may also exert anti-inflammatory effects
by reducing the expression or nuclear translocation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«B) [17]. Nutraceuticals can be used as natural dietary supplements and
therefore can be easily administered, are readily available, and are affordable. A further advantage of
nutraceuticals is that they are not likely to induce collateral side effects (if, of course, delivered at the
appropriate dosage) such as hypoglycemia, liver injury, or gastric complains, which are characteristic
of well-known and popular drugs [18,19].

In this review, we focus our attention on different classes of nutraceuticals, such as polyphenols,
carotenoids, saponins, and others (Figure 1), explaining how these substances might counteract DR
pathological changes. In particular, we highlight how nutraceuticals may reduce (i) oxidative stress;
(ii) inflammation; (iii) neurodegeneration; and (iv) vascular changes. Reviewed literature includes
in vitro studies, in vivo studies on animal models, and also clinical studies. Finally, we also consider
how the low bioavailability of several nutraceuticals may limit their use.

2. Nutraceuticals and Oxidative Stress

Oxidative stress is caused by an imbalance in the production of ROS and the activity of the biological
detoxifying systems. ROS are produced in normal metabolic conditions to support normal cellular
functions and modulate a variety of biological processes including cell proliferation, differentiation,
and migration, signal transduction, and programmed cell death [8]. However, because of ROS” high
reactivity, their accumulation compromises the cell structure and functionality through alterations and
degradation of molecules such as DNA, lipids, and proteins [20]. Oxidative stress and ROS production
are contrasted by endogenous antioxidant defense enzymes including superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GSH-P), and glutathione reductase (GSH-R). In addition
to these endogenous enzymatic systems, endogenous non-enzymatic factors also exist and they
include GSH (which is regulated by GSH-P and GSH-R), vitamin C, and vitamin E [21]. Besides
endogenous antioxidant defenses, exogenous antioxidants of natural origin may be used to preserve
redox homeostasis. They may act directly as scavengers of free radicals, indirectly by interrupting free
radical chain reactions, or both. They may also decrease oxidative stress by inducing the expression of
endogenous antioxidant enzymes [22,23]. For these reasons, it has been recently proposed that therapies
based on natural, non-enzymatic antioxidants such as nutraceuticals could relieve the decrease in
endogenous antioxidant defenses [23,24].
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Figure 1. Summary of all the nutraceuticals cited in the present review. The compounds are listed
according to their chemical classes, including polyphenols (both flavonoids and non-flavonoids),
carotenoids, and saponins. Other compounds that do not belong to any of these classes or that are
mixtures of different chemicals are classified as “other”. AKBA: Acetyl-11-keto-p-boswellic acid.

The retina is highly susceptible to oxidative stress, which is due principally to the high content of
polyunsaturated fatty acids, high oxygen uptake, glucose oxidation, and prolonged exposure to light.
In particular, high glucose levels trigger a set of processes, such as AGE accumulation, PKC activation,
and increased flux in the polyol and hexosamine pathways, which provoke oxidative stress (see [25]
for detail). In turn, an increase in ROS is likely to cause DNA fragmentation resulting in poly-ADP
ribose polymerase activation and glyceraldehyde 3-phosphate dehydrogenase inhibition [26]. This
causes accumulation of glycolytic metabolites that may induce AGE formation and activation of
PKC and of the polyol as well as of the hexosamine pathways, which are known to contribute to DR
pathogenesis [6,7]. In summary, oxidative stress creates a propagating cycle, causing a continuous
increase in ROS and consequent activation of pathways closely related to the progression of DR [8]
(Figure 2).
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Figure 2. Schematic reconstruction of the events triggered in the retina by hyperglycemia and reinforced
by oxidative stress in a vicious cycle. Formation of advanced glycation end-products (AGE) as well
as the activation of protein kinase C (PKC), of the polyol pathway, and of the hexosamine pathway,

are the main diabetes-induced abnormalities related to diabetic retinopathy.

Different natural dietary compounds have been investigated as possible treatments or adjuvants to
counteract retinal oxidative stress typical of DR. They include polyphenols, carotenoids, and saponins,
as well as other compounds (Figure 1). They are common in different fruits, vegetables, herbs, and
beverages, and are very efficient in strengthening the endogenous antioxidant defenses through a
direct scavenger activity and/or through the stimulation of antioxidant enzyme expression. Several
classes of these compounds have been tested in vitro and in in vivo animal models. A summary of the
effects of nutraceuticals against oxidative stress in models of DR is given in Figure 3.

2.1. Non-Flavonoid Polyphenols

Curcumin, a yellowish polyphenolic substance constituting the major active compound of Curcuma
longa, is widely known for its antioxidant and anti-inflammatory properties [27-29]. The strong
antioxidant power of curcumin has been shown in different studies. In human retinal endothelial cells
(HRECs) exposed to high glucose and treated with 10 uM curcumin, intracellular ROS production
has been observed to be significantly reduced [30], and similar results have been obtained with the
retinal pigment epithelial cell line ARPE-19 [31,32]. The decrease in ROS levels is concomitant with
an increased expression of heme oxygenase-1 (HO-1) [31], a redox-sensitive inducible stress protein
that, once activated, protects the cell from different types of stress. This observation suggests that
curcumin not only generates direct antioxidant activity but it may also act indirectly by enhancing
the expression of antioxidant enzymes. This effect is likely to be induced through activation of the
transcription nuclear factor erythroid-2-related factor-2 (Nrf2). Once activated, Nrf2 translocates
into the nucleus and promotes the transcription of genes that encode antioxidant enzymes (known
as phase II antioxidant enzymes), including HO-1 [33,34]. Another recent investigation into high
glucose-stressed ARPE-19 cells showed that curcumin-induced inhibition of ROS formation prevents
alterations of DNA methyltransferase activity [35]. In in vivo studies with rats with streptozotocin
(STZ)-induced diabetes, curcumin has been observed to prevent the retinal increase of malondialdehyde
(a marker of oxidative stress) and the decrease in GSH [36]. In the same model, curcumin also inhibited
a decrease in total antioxidant capacity by increasing SOD, CAT, and GSH levels [37,38] and prevented
an increase in the levels of retinal nitrotyrosine, a marker of oxidative protein damage, and in
8-hydroxy-2’-deoxyguanosine, a marker of oxidative DNA damage [38].
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Among other non-flavonoid polyphenols, resveratrol, found in different plants such as grapes,
peanuts, and berries, has been described as being able to decrease oxidative stress in retinas
of diabetic rats by reducing lipid peroxidation, oxidized to reduced GSH ratio, and superoxide
dismutase activity [39]. Recent data also show that resveratrol may reduce the adverse effects of
hyperglycemia-induced oxidative stress on retinoic acid metabolism, which is involved in the recycling
of 11-cis-retinal in the visual cycle in the retinal pigment epithelium [40].

2.2. Flavonoid Polyphenols

Flavonoids, a class of polyphenols, constitute a variegated group of natural substances
characterized by strong antioxidant power. These natural products are present in fruits, vegetables,
grains, roots, tea, and wine [41]. In STZ diabetic rats, treatment with different flavonoids ameliorates
retinal redox status favoring an increase in GSH and a decrease in lipid peroxidation. It has also
been observed that flavonoids are able to increase the levels of antioxidant enzymes such as SOD and
CAT. In particular, these findings have been recorded in retinas of diabetic rats treated with quercetin,
a common flavonol found in vegetables and fruits [42], with hesperetin, a flavanone commonly present
in citrus fruits [43], or with green tea [44]. Green tea is a popular beverage rich in catechin, epicatechin,
epigallocatechin, epicatechin gallate, and epigallocatechin gallate. Among these, epigallocatechin
gallate is the most abundant catechin in green tea and is widely known for its antioxidant activity.
The antioxidant effect of epigallocatechin gallate seems to be associated with a decrease in aldose
reductase activity, which catalyzes the rate limiting step in the polyol pathway, and a decrease in AGE
accumulation [45].

Eriodictyol, a flavonoid extracted from yerba santa (Eriodictyon californicum), a plant native to
North America, has been found to reduce ROS production and increase the activity of SOD, GSH-P,
and CAT. In addition, it has been shown to enhance the nuclear translocation of Nrf2 and elevate the
expression of antioxidant enzyme HO-1 in RGC5 cells treated with high glucose [46].

Anthocyanins constitute another class of flavonoids which are responsible for the red or blue color
of plants, fruits, and flowers. In vitro studies with HRECs subjected to high glucose treatment have
shown that the blueberry anthocyanins malvidin and malvidin glycoside may produce an antioxidant
effect through reduction of ROS levels and an increase in both CAT and SOD activity [47]. In addition,
blueberry anthocyanins added to the food of and administered to diabetic rats for 12 weeks have
been described as being able to prevent retinal oxidative stress favoring an increase in antioxidant
capacity, as demonstrated by an increase in GSH and decrease in ROS levels. This antioxidant activity
of blueberry anthocyanins is mediated by activation of Nrf2 and a consequent increase in HO-1
expression [48].

2.3. Carotenoids

Lutein and zeaxantin are the principal constituents of oranges, yellow fruits, and dark green
leafy vegetables. Together with meso-zeaxanthin, they form the macular pigment of primate eyes [49]
and prevent oxidative damage to the retina [50,51]. Their potential role in protecting against visual
disorders has been recently reviewed [52-54]. Regarding the effects of carotenoids in experimental
models of DR, a decrease in lipid peroxidation, nitrotyrosine levels, and oxidatively modified DNA
was observed in the retinas of diabetic rats that had received supplementation with zeaxantin for two
months. These effects were accompanied by inhibition of the diabetes-induced decrease in retinal SOD
expression and activity, although no effects of zeaxantin were observed on GSH levels [55]. Similarly,
lutein administration to one-month-diabetic mice has been observed to prevent retinal oxidative stress
and restore retinal ROS levels to normal [56].

Crocetin and crocin are two additional compounds belonging to the class of carotenoids. They
can be considered as the active ingredients of saffron, a spice classically used in traditional medicine
for its beneficial qualities [57]. Crocetin and crocin, similar to lutein and zeaxantin, are known for their
antioxidant and protective actions against ROS. For instance, crocetin has been reported to protect cells
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of the RGCS5 cell line from oxidative stress [58], while treatment with crocin has been shown to prevent
upregulation of ROS and nitric oxide in microglia cells cultured in high glucose [59].

2.4. Saponins

Panax notoginseng saponins (PNS), including ginsenoside Rgl, ginsenoside Rb1, and notoginsenoside
R1, may generate a protective effect against oxidative stress-induced damage, as observed in STZ diabetic
mice treated for two months with North American Ginseng (Panax quinquefolius) [60]. In addition,
a significant decrease in ROS levels has been recorded in rat retinal capillary endothelial cells exposed to
high glucose and treated with 100 pg/mL of PNS [61]. This decrease in ROS levels has been associated
with an increase in antioxidant enzymes, including SOD, CAT, and, consequently, GSH. In addition,
notoginsenoside R1 was also observed to induce a decrease in the activity of NADPH oxidase, the
major enzyme implicated in oxygen radical generation [62].

2.5. Other Compounds

Lisosan G is a fermented powder obtained from organic whole grains (Triticum aestivum). It is
enriched in bioactive substances such as phenolic components, flavonoids, alpha-lipoic acid, tocopherols,
and polyunsaturated fatty acids (see [63] for detail). In mouse retinal explants, Lisosan G has been
shown to inhibit an oxidative stress-induced increase in phase II antioxidant enzymes such as HO-1,
SOD, and glutamate-cysteine ligase catalytic subunit mRNA expression, while in STZ rats it was
observed to seem to inhibit the nuclear translocation of Nrf2, indicating that in these systems Lisosan
G is likely to exert antioxidant effects through direct radical scavenging and not through activation of
antioxidant enzyme expression [63].

3. Nutraceuticals and Inflammation

Inflammation is a nonspecific response to injury that includes a variety of functional mediators,
such as cytokines, chemokines, acute phase proteins, and other pro-inflammatory molecules. Many
of these mediators have been detected in the retina of diabetic animals or patients, suggesting that
inflammation has a role in the development of DR [64-66]. Reactive gliosis, characterized by increased
glial fibrillary acidic protein (GFAP) expression in both Miiller cells and astrocytes [4,67], is typically
observed in DR [68,69], resulting in the release from these cells of inflammatory cytokines, such as
tumor necrosis factor alpha (TNF«), interleukin 1 beta (IL-1), and others [70,71].

The transcription of inflammatory proteins is regulated by the activation of pro-inflammatory
transcription factors, among which NF-«B plays a prominent role. This factor, once activated,
translocates into the nucleus, binds to nuclear DNA, and acts as a master switch that promotes
the expression of pro-inflammatory cytokines such as IL-1f3, interleukin 6, interleukin 8 (IL-8), and,
at least in part, TNFo [72]. There is ample evidence suggesting that NF-«kB is involved in the
pathogenesis of the early phases of DR. In fact, the inhibition of proteins whose expression is regulated
by NF-«B decreases capillary degeneration, while direct NF-«B blockade inhibits DR development and
progression [64-66,73]. The potential efficacy of some nutraceuticals for the treatment of DR is that
they may inhibit NF-kB activation. A summary of the effects of nutraceuticals against inflammation in
models of DR is given in Figure 3.

3.1. Non-Flavonoid Polyphenols

Treatment with curcumin prevents TNF« release in HRECs cultured with high glucose [32].
Curcumin also reduces retinal diabetic damage in diabetic rats through inactivation of NF-kB and
a decrease in IL-1f levels [38]. There is some indication that curcumin may influence NF-«B by
preventing the diabetes-induced retinal activation of calcium/calmodulin-dependent protein kinase II
(CAMKII) [27,74-76], a ubiquitous multifunctional protein kinase implicated in the regulation of the
transcriptional activity of NF-«kB [77]. Curcumin has also been observed to reverse the diabetes-induced
upregulation of retinal GFAP in Miiller cells of STZ rats [36].
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Recent observations have shown that inflammatory markers are reduced in the retinas of STZ rats
after administrations of resveratrol via tail vein injections [78]. Similar to curcumin, resveratrol, or an
ethanol extract of the root of Polygonum cuspidatum, which is rich in resveratrol, attenuates inflammation
in the retinas of diabetic rats by reducing NF-«B activity [39,79]. In addition, resveratrol has been
described as being able to reduce NF-kB nuclear translocation in the retinas of mice with experimental
uveitis [80]. Resveratrol is likely to promote the inhibition of NF-«B through AMP-activated protein
kinase (AMPK) activation. Indeed, data obtained from the retinas of mice with STZ-induced diabetes
has shown that resveratrol-induced AMPK activation leads to significant suppression of NF-«B
phosphorylation and reverses diabetes-induced sirtuin-1 (SIRT1) deactivation [81]. This SIRT1
activation promoted by resveratrol is likely to mediate an inhibition of NF-kB stimulation of DNA
transcription, since SIRT1 deacetylates both NF-«kB p65 and histone 3, with the effect of decreasing
DNA binding by NF-«B [82]. Similarly to curcumin, a mechanism by which resveratrol may negatively
modulate NF-«B is the inhibition of retinal CAMKII activation [83].

3.2. Flavonoid Polyphenols

Quercetin displays both antioxidant and anti-inflammatory properties in the retina. In particular,
it has been reported to reduce VEGF-induced inflammation by inactivating NF-«B through inhibition
of both mitogen-activated protein kinase and Akt in 661W cells [84]. In STZ diabetic rats, quercetin
inhibits an increase in retinal GFAP expression and induces a decrease in NF-«kB protein expression
in specific retinal layers, namely the nerve fiber layer, the inner plexiform layer (IPL), and the inner
nuclear layer (INL). This effect of quercetin on NF-«B is also associated with decreased levels of TNF«
and IL-1p3 [42].

Hesperetin is another flavonoid that has been reported to exert antioxidant effects in diabetic
retinas, as reported above. This compound has also been observed to inhibit the diabetes-induced
over-expression of GFAP and of the pro-inflammatory cytokines TNFx and IL-1§ in retinas of diabetic
rats [43]. Eriodictyol, a flavonoid of the same class of hesperetin, has been reported to also reduce
TNFo in STZ rat retinas [85] or both TNFo and IL-8 in high glucose-stressed RGC-5 cells [46].

Catechin has been observed to increase heat shock protein 27 levels and decrease the production
of associated inflammatory factors in retinas of STZ rats [86]. Diabetes induced glial activation in the
retina, characterized by increased GFAP expression in Miiller cells, has also been found to be inhibited
by green tea or by epicatechin [87,88].

3.3. Carotenoids

Among the carotenoids, crocin has been observed not only as being able to protect from oxidative
stress, but also to block the pro-inflammatory response in microglial cells challenged with high glucose
and free fatty acids. In both the antioxidant and the anti-inflammatory action of crocin, activation of
the phosphoinositide 3-kinase (PI3K)/Akt signaling seems to play a significant role [59].

3.4. Other Compounds

The compounds 6-gingerol and the sesquiterpene zerumbone are abundantly present in rhizomes
of the plants of the ginger family Zingiber officinale and Zingiber zerumbet, respectively. They are able to
ameliorate retinal damage induced by hyperglycemia by inhibiting NF-kB expression/activation and
reducing the expression of pro-inflammatory cytokines [89,90]. In particular, the effect of zerumbone is
likely to be due to the blockading of the AGE/RAGE/NEF-«B pathway [90].
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Figure 3. Summary of the effects induced by nutraceuticals as described in the studies reviewed herein.

Nutraceuticals exert positive effects in diabetic retinopathy, counteracting the diabetes-induced changes
by decreasing (yellow arrows) or increasing (green arrows) the expression/activation of specific factors

or the occurrence of some events. 8-OHdAG: 8-hydroxy-2'-deoxyguanosine; AGE: Advanced glycation
end-products; AKT: Protein kinase B; Bax: Bcl-2-associated X protein; Bcl-2: B cell lymphoma 2; BDNF:
Brain-derived neurotrophic factor; BRB: Blood-retina barrier; CAT: Catalase; Erk 1/2: Extracellular
signal-regulated kinase 1/2; GFAP: Glial fibrillary acidic protein; GSH: Glutathione; HIF-1x: Hypoxia
inducible factor 1o; HO-1: Heme oxygenase-1; ICAM-1: Intercellular cell adhesion molecule 1; IL-1§:
Interleukin 1 beta; MMP-9: Matrix metalloproteinase-9; NADPH: Nicotinamide adenine dinucleotide
phosphate; Nf-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells; O-GlcNAc: O-linked
B-N-acetylglucosamine; NGF: Nerve growth factor; NO: Nitric oxide; Nrf2: Transcription nuclear
factor erythroid-2-related factor-2; ROS: Reactive oxygen species; SOD: Superoxide dismutase; TNFa:
tumor necrosis factor alpha; Trk-B: Tyrosine receptor kinase B; TUNEL: Terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling; VEGF: Vascular endothelial growth factor; VEGFR2:
Vascular endothelial growth factor receptor 2; ZO-1: Zonula occludens 1.

Lisosan G has been reported to block increases in GFAP mRNA expression, indicating reactive
gliosis, induced by diabetes in the retinas of STZ rats [63]. In addition, Lisosan G has been shown to
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exert important anti-inflammatory effects that can be associated with a reduction in NF-«kB nuclear
translocation, as observed in hepatocytes or in human endothelial progenitor cells [91,92] and has
recently been hypothesized in an in vivo rat model of DR, where a Lisosan G-induced reduction of
NE-«B phosphorylation was reported [63].

A post-translational modification (O-GlcNAcylation) of NF-kB has been observed in several
pathologies, including DR [93]. An extract of Aralia elata (a plant traditionally used to treat diabetes in
Eastern countries) containing phenolic compounds (3, 4-dihydroxybenzoic acid, chlorogenic acid, and
caffeic acid) has been recently shown to reduce glial activation, to suppress NF-kB expression, and to
decrease its O-GlcNAcylation in the retinas of STZ diabetic mice [94]. Finally, a fortified extract of
red berries, Ginkgo biloba, and white willow bark containing carnosine and «-lipoic acid have been
reported to attenuate the increase in TNF« levels in the retinas of STZ rats [95].

3.5. Relationships between Inflammation and Oxidative Stress

It is interesting to observe that most of the compounds cited above display both antioxidant
and anti-inflammatory properties, as has been reported in different in vitro and in vivo experimental
models. In fact, oxidative stress has been recognized as playing a pivotal role in the development
of inflammation [96,97]. Accordingly, ROS production is likely to promote activation of NF-«kB,
an oxidant-sensitive factor and a crosslink between inflammation and oxidative stress [98-100]. Recent
evidence in ARPE-19 cells also suggests that high glucose-induced ROS may promote the secretion
of inflammatory cytokines through PI3K/Akt/mTOR, and curcumin has been found to inhibit this
signaling pathway [101]. In summary, in DR inflammation is likely to be secondary to increased
oxidative stress, and the use of appropriate antioxidant compounds may prevent the establishment of
an inflammatory state.

4. Nutraceuticals and Neurodegeneration

DR is characterized by an extended loss of neurons due to an increase in apoptosis likely
paralleled by a decrease in autophagic capabilities [102]. Neuronal cell vulnerability is evident very
early in DR, and it is detectable before any sign of vascular damage [2—4]. This early neuronal
impairment leads to retinal functional deficits that can be recorded with electroretinography (ERG)
and that are associated with different morphological changes, these mostly including a decrease in
thickness of retinal layers, with INL and IPL affected in particular. In retinas of diabetic rodents,
an increase in terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL)
positive cells can be recorded together with a decrease in anti-apoptotic markers (e.g., B cell lymphoma
2 (Bcl-2)) and an increase in pro-apoptotic markers (e.g., active caspase-3 and Bcl-2-associated X protein
(Bax)) [103-105]. Neurodegeneration in DR is likely caused by high glucose-induced oxidative stress
and inflammation, but there is evidence that dysregulation of neurotrophic factor expression may
also play a role. Neurotrophin nerve growth factor (NGF) and brain-derived neurotrophic factor
(BDNF) are expressed by retinal neurons and glia, and are principally involved in cell survival and
synaptic modulation [106,107]. A reduction in neurotrophin expression or an imbalance between
the mature neurotrophin and its precursor (as in the case of proNGF/NGF) may lead to neuronal
damage and neurodegeneration [107,108]. A further cause of neuronal death in DR is represented by
increased glutamate levels causing excitotoxicity. This condition is likely to be due to oxidative stress
in Miiller cells resulting in decreased activity of glutamate-aspartate transporters and down-regulation
of glutamine synthetase (GS), which converts glutamate into non-toxic glutamine [109].

Several natural compounds are known for their neuroprotective properties and for their positive
effects within the central nervous system. In particular, nutraceuticals rich in flavonoids have been
proposed for the treatment and prevention of a variety of neurodegenerative diseases [110,111].
A summary of the effects of nutraceuticals against neurodegeneration in models of DR is given in
Figure 3.
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4.1. Non-Flavonoid Polyphenols

In diabetic rat retinas, curcumin has been reported to exert antiapoptotic effects by upregulating
the expression of Bcl-2 and downregulating the expression of Bax, with reduction of apoptosis of retinal
ganglion cells and of cells in the INL and preservation of normal retinal thickness [112]. In addition,
curcumin reverses diabetes-induced down-regulation of retinal GS, which may aid glutamate clearance
and reduce the risk of excitotoxicity [36]. Interestingly, curcumin may also contribute to inhibition
of apoptosis by promoting autophagic flux in retinal neurons. Indeed, curcumin has been reported
to stimulate autophagy and exert protective effects in different models of central nervous system
neurodegeneration [113].

Resveratrol has been shown to reduce retinal apoptotic levels and attenuate retinal thinning in rats
with STZ-induced diabetes [39,78]. The neuroprotective action of resveratrol is likely to be associated
with its anti-inflammatory action [83]. Similarly to curcumin, resveratrol may inhibit apoptosis by
stimulating autophagy. Indeed, it has been reported to induce autophagy and reduce cell death both in
the human retinal pigment epithelial ARPE-19 and in mouse photoreceptor 661W cells exposed to
cytotoxic stress [114].

4.2. Flavonoid Polyphenols

The beneficial effects of flavonoids on retinal neurodegeneration in DR have been the subject
of numerous studies. Treatment of STZ rats with quercetin protects from diabetes-induced retinal
ganglion cell loss, mitigates thinning of retinal layers, reduces caspase-3 expression/activation and
the levels of cytochrome ¢, while increasing Bcl-2 [42,115]. In addition, quercetin improves the
expression of neurotrophic factors, of their receptors, and of their downstream signaling molecules.
In particular, quercetin treatment favors an increase in Akt phosphorylation and in the expression of
BDNE its receptor Trk-B, and in synaptophysin. These data suggest that the neuroprotective action
of quercetin is mediated by the BDNF-Trk-B/Akt-synaptophysin pathway [115]. The possibility that
quercetin may affect apoptosis through the promotion of autophagy is supported by observations
reporting potent simulation of autophagy by quercetin in Schwann cells with high glucose [116]
and quercetin protection from Af-induced neurotoxicity through the induction of autophagy in C.
elegans [117]. Similarly to quercetin, the flavonol kaempferol, which is found in tea, broccoli, apples,
strawberries, and beans [118], could also be a stimulator of autophagy, as demonstrated in the human
neuroblastoma SH-SY5Y cell line [119].

Another flavonoid that could represent a good choice with which to counteract neurodegeneration
in DR is rutin. It is the main glycoside form of quercetin and is abundant in foods such as onions,
apples, tea, and red wine [120]. Its neuroprotective effects have been tested in rat retinal ganglion
cells subjected to oxidative stress, where treatment with rutin was observed to increase cell survival
rate and reduce caspase-3 activation [121]. Rutin anti-apoptotic action has been confirmed in diabetic
rats, in which treatment with this compound was observed to cause a decrease in caspase-3 activity
and expression, with a concomitant increase in Bcl-2 and preservation of the levels of both BDNF and
NGF [122].

Chrysin, a natural flavonoid found in herbs and honeycomb, has been recently shown to
protect retinal photoreceptors by maintaining robust retinoid visual cycle-related components in
glucose-stimulated human retinal pigment epithelial cells or in the retinal pigment epithelium of
diabetic rats [123].

The strong antioxidant power of hesperetin correlates with the neuroprotective actions of this
flavonoid. In diabetic retinas, it inhibits neuronal death, reducing caspase-3 expression [43], and
prevents retinal thinning, favoring protection of ganglion cells and of cells in the INL [124]. Naringenin,
also found in citrus fruits together with hesperetin, exerts similar neuroprotective actions in diabetic
retinas, favoring an increase in BDNF and synaptophysin together with reduction in apoptotic
levels, as indicated by increases in Bcl-2 and decreases in both Bax and caspase-3 expression [125].
The naringenin-promoted decrease in pro-apoptotic molecules is likely to be due to activation of Akt
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and Erk 1/2, as shown in hippocampal cells subjected to excitotoxic stress and treated with different
concentrations of naringenin [126]. Anti-apoptotic effects of the flavanone eriodictyol have also been
reported in high glucose-stressed RGC-5 cells [46].

Other studies have shown that treatment with green tea may prevent neurodegeneration in
diabetic retinas. Indeed, the oral administration of green tea to diabetic rats generates a neuroprotective
action in the retina characterized by a reduction in neuronal death, restoration of glutamate uptake,
and improvement of retinal functionality as recorded with ERG [87]. The neuroprotective effect of
epicatechin in retinas of diabetic rats has been proposed to be related to the reduction of pro-NGF
production [88].

4.3. Carotenoids

Lutein is the carotenoid with the most recognized neuroprotective effects in the diabetic retina.
Its constant intake induces an evident functional improvement, as highlighted by an ERG analysis
of oscillatory potentials in the retinas of diabetic mice, which indicates prevention of inner retinal
damage [127]. Moreover, lutein treatment restores retinal layer thickness, reduces retinal apoptosis,
and preserves both BDNF and synaptophysin levels [128]. Lutein and zeaxantin are present in Lycium
barbarum, a shrub member of the family Solanaceae which is widely recognized for its beneficial
properties and is used in Chinese herbal medicine. Lycium barbarum administered to STZ diabetic rats
for eight weeks was observed to result in amelioration of retinal ERG [129], which was likely to be
related to the strong anti-apoptotic activity of this herb as reported in a retinal ischemia/reperfusion
model [130]. The anti-apoptotic action of lutein may be related to autophagy promoting effects of this
carotenoid, as reported for both human retinal pigment epithelial ARPE-19 and mouse photoreceptor
661W cells exposed to cytotoxic stress [114].

4.4. Other Compounds

Treatment with Lisosan G restores expression of caspase 3 to control levels in ex vivo mouse
retinal explants subjected to oxidative stress. In STZ diabetic rats, Lisosan G reduces neuronal death
and favors an improvement in retinal functionality, as evaluated by ERG. This result indicates that
treatment with Lisosan G is able to protect both the inner and outer retina from diabetes-induced
alterations [63]. Other compounds with documented neuroprotective effects in models of DR include
zerumbone, whose anti-apoptotic effects correlate with improvement of retinal histological alterations
and reduction of retinal thickness in diabetic rats [90], and Aralia elata, which protects mouse retinas
from diabetes-induced decreases in retinal thickness, increases in TUNEL labeled ganglion cells,
and increases in active caspase-3 [94]. Finally, an anti-apoptotic function, although not a direct
neuroprotective effect, has been be attributed to taurine, a non-essential free aminoacid found in Lycium
barbarum which has been reported to inhibit high glucose-promoted caspase-3 expression and activity
in ARPE-19 cells [131].

4.5. Relationships between Oxidative Stress, Inflammation, and Neurodegeneration

Most of the nutraceuticals cited above possess antioxidant, anti-inflammatory, and neuroprotective
properties at the same time. It is unlikely that these capacities are expressed independently from each
other. Rather, the evidence suggests that they are intimately correlated. Indeed, oxidative stress and
ROS toxicity may lead directly to DNA and protein damage, but, as mentioned above, oxidative stress
is also linked to inflammation. Both oxidative stress and inflammation, then, would be able to cause
neurodegeneration. Treatments with antioxidant compounds in early phases of DR may represent an
efficacious way to preserve the retina from further damage due to inflammation and from extensive
neurodegeneration. In this sense, nutraceutical antioxidants may represent a novel class of compounds
with interesting potential therapeutic value for DR [132].
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5. Nutraceuticals and Vascular Changes

On the basis of vascular changes, DR is classified as a non-proliferative diabetic retinopathy
(NPDR) or proliferative diabetic retinopathy (PDR). NPDR is characterized by microvascular damage
including BRB breakdown, pericyte loss, acellular capillaries, capillary occlusion, and thickening of the
basement membrane. In PDR, neoangiogenesis phenomena are observed and new blood vessels are
generated. These vessels create a deleterious action in the retina because of their mechanic traction,
which, in the end, causes retinal detachment and consequent blindness [133]. As outlined below, VEGE,
acting at its main receptor vascular endothelial growth factor receptor-2 (VEGFR?2), plays prominent
roles in both phases of DR.

The BRB represents a filter allowing selective passage of substances from the bloodstream to
the retina, thereby regulating osmotic equilibrium, ionic concentrations, and transport of nutrients.
These functions are based on the presence of tight and adherens junctions between adjacent cells.
Tight junctions are composed of proteins like occludin, claudin, and zonula occludens 1 (ZO-1). These
proteins are the principal compounds implicated in BRB functionality, creating a strong bond between
endothelial cells and regulating the transport of solutes and molecules through prevention of the
unchecked diffusion of substances between the bloodstream and neuroretina [134]. In DR, oxidative
stress and inflammation result in complex changes causing upregulation of cytokines and growth
factors, among which VEGF is the most implicated in BRB dysfunctions [135,136]. Indeed, VEGF
upregulation is correlated with alterations of the tight junction structure caused by VEGF-induced
phosphorylation and downregulation of tight junction proteins (i.e., ZO-1 and occludin) [137,138].
In addition, overexpressed VEGF also induces phosphorylation of the adherens junction protein
VE-cadherin, further favoring increased BRB permeability [139]. VEGF upregulation in DR also
correlates with increased expression of intercellular cell adhesion molecule 1 (ICAM-1), which in
turn promotes leucocyte adhesion and capillary occlusion [13]. Other cytokines and chemokines are
implicated in BRB impairment. For instance, TNFx overexpression is associated with decreases in
occludin, claudin, and ZO-1 expression, while IL-1f induces barrier dysfunction through leukocyte
recruitment and release of the vasoactive amine histamine [140,141]. Matrix metalloproteinases (MMPs)
play important roles both in the early stages of DR, when MMP-2 and MMP-9 promote the apoptosis
of retinal capillary cells, and in the later phase, when they facilitate neovascularization by degrading
the extracellular matrix [142].

Other early vascular pathological changes in NPDR include loss of pericytes and thickening of the
basement membrane. Pericytes are contractile cells located at the surface of capillaries, implicated in
blood vessel stability, blood flow regulation, and formation of the BRB. In NPDR, pericyte loss occurs
even before endothelial injury and is directly correlated with accumulation of AGEs, impairment of
the BRB, and vascular leakage [143,144]. Apoptosis of pericytes in NPDR also leads to formation of
microaneurysms and acellular capillaries [145]. Thickening of the basement membrane, due to the
increase in vascular basal membrane compounds such as laminin and collagen IV [136], may contribute
to the disruption of the tight link between pericytes and endothelial cells, causing pericyte apoptosis,
whereas the endothelium, deprived of proliferation control, can give rise to new vessels [146].

PDR is characterized by neovascularization coupled with fibrotic responses at the vitreoretinal
interface, and subsequent blindness due to vitreous hemorrhage, retinal fibrosis, tractional retinal
detachment, and neovascular glaucoma [147-149]. Out of all the angiogenesis regulators, VEGF has
been most extensively studied and provides the basis for current anti-angiogenic therapy [150]. VEGF
plays a crucial role in PDR pathogenesis by promoting neovascularization through binding to VEGFR2
expressed on endothelial cells, inducing endothelial cell proliferation and sprouting angiogenesis [151].

The protective actions of nutraceuticals against microvascular changes typical of NPDR have been
investigated in a variety of DR models. However, these models do not reproduce the neoangiogenesis
characterizing PDR, and evidence of possible antiangiogenic properties of nutraceuticals has been
found in other experimental models favoring the growth of new retinal vessels, mainly rodents
with oxygen induced retinopathy (OIR) or experimental choroidal neovascularization (CNV). Other
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indications of the possible antiangiogenic effects of nutraceuticals have been derived from observations
of their efficacy in inhibiting endothelial cell proliferation, migration, and tube formation. A summary
of the effects of nutraceuticals against vascular changes in models of DR or of neoangiogenesis is given
in Figure 3.

5.1. Non-Flavonoid Polyphenols

The vasoprotective potential of curcumin has been tested in vitro and in vivo. Treatment with
curcumin prevents increases in glucose-induced VEGF expression as well as cellular proliferation
in HRECs [30]. In addition, pre-treatment with curcumin has been shown to prevent capillary
degeneration in rat retinas after ischemia reperfusion injury [152]. In diabetic rodents, curcumin
has also been observed to protect pericytes from structural degeneration and to reduce VEGF
expression, retinal vascular leakage, thickening of the basement membrane, vessel diameter, and vessel
tortuosity [27,29,112,153]. Finally, curcumin has been reported to suppress experimental CNV and
activation of hypoxia inducible factor 1« (HIF-1«, a transcription factor promoting VEGF expression
and release) in mice [154].

In hypoxic ARPE-19 cells, resveratrol has been found to significantly inhibit HIF-1oc and
VEGF by blocking the PI3K/Akt/mTOR signaling pathway and by promoting proteasomal HIF-1c
degradation [155]. Resveratrol also reduces diabetes-induced VEGF and ICAM-1 expression, leukocyte
adhesion, pericytes loss, and prevents BRB breakdown as well as vascular leakage in the retinas
of diabetic mice and rats [78,80,156,157]. In addition, extracts of Polygonum cuspidatum, containing
resveratrol, have been shown to inhibit retinal vascular permeability and the loosening of the tight
junctions in diabetic rats [79]. In mice with CNV induced by laser photocoagulation, resveratrol
has been observed to significantly inhibit CNV growth [155,158] and reduce retinal neovascular
lesions in very low-density lipoprotein receptor mutant mice, which are characterized by retinal
neovascularization, by inhibiting VEGF expression as well as endothelial cell proliferation and
migration [159]. The potential antiangiogenic effects of resveratrol and its possible use in DR treatments
have been recently reviewed [160].

5.2. Flavonoid Polyphenols

Many of the microvascular changes and angiogenesis processes that occur in DR are inhibited
by treatment with different flavonoids. Quercetin has been reported to reduce VEGF and MMP-9
expression in the retinas of diabetic rats [161]. In experiments with the rhesus choroids-retina
endothelial cell line RF/6A, quercetin has also been reported to inhibit VEGF-induced endothelial cell
proliferation, migration, and tube formation, suggesting that it may efficiently inhibit choroidal or
retinal neovascularization [162,163].

Chrysin has been found to ameliorate diabetes-mediated microvascular and neovascular
abnormalities in studies with HRECs and with retinas of db/db mice. Indeed, it increases the stability
between endothelial cells by increasing ZO-1 and VE-cadherin expression and reduced vascular
permeability and vasoregression. Chrysin also restricts the phenomena of neovascularization and
prevents the onset of neovascular tufts. Its actions are likely to be mediated by inhibition of the
upregulated HIF-1x-VEGF-VEGFR?2 axis [164]. In addition, intravitreally injected chrysin has been
found to exert an inhibitory effect on CNV in an experimental rat model [165].

Among the green tea catechins, epigallocatechin gallate treatment of ARPE-19 cells reduces VEGF,
VEGFR2, and MMP-9 mRNA expression and inhibits proliferation, vascular permeability, and tube
formation in VEGF-induced human retinal microvascular endothelial cells (HRMECs). In addition,
it also reduces BRB breakdown in VEGF-induced animal models [166]. Epicatechin has been reported
to reduce apoptosis and AGE accumulation in retinal vascular cells of intravenously AGE injected
rats [167]. Interestingly, green tea fractions have been reported to decrease neovascularization in the
OIR rat model; however, the active components of green tea displaying such effects do not seem to
contain catechins [168].
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Hesperetin in diabetic rats has been found to inhibit VEGF expression, decrease vascular
permeability and leakage, and restore the normal thickness of the basement membrane [169]. Another
flavanone compound, naringenin, has been reported to attenuate laser-induced CNV in rats [170],
an effect that is increased if naringenin is complexed with 3-cyclodextrin, which improves naringenin
water solubility [171]. Belonging to the same class of flavonoids as hesperetin and naringenin,
erjodictyol has been described as being able to lower the retinal levels of VEGF, ICAM-1, and
endothelial nitric oxide synthase, which is involved in BRB breakdown, in STZ rat retinas [85].

Both the flavone glycoside baicalin, found in several plant species of the genus Scutellaria, and
the natural flavone luteolin, abundantly present in several plant products, including broccoli, pepper,
thyme, and celery, display antiangiogenic properties in models of retinal neovascularization. Indeed,
intravitreally-injected baicalin inhibits the growth of CNV in rats [172], while intravitreal luteolin
has been reported to inhibit retinal neovascularization in the mouse OIR model and to suppress
hypoxia-induced VEGF expression (via inhibition of HIF-1e) as well as VEGF-induced migration and
tube formation in HRMECs [173]. Similarly to baicalin and luteolin, deguelin, a derivative of the
isoflavonoid rotenone and a naturally occurring insecticide isolated from plants of the Mundulea sericea
family, effectively reduces both CNV and OIR neovascularization [174,175]. It has also been shown to
inhibit tube formation of human umbilical vein endothelial cells (HUVECs) and in vivo angiogenesis
of chick chorioallantoic membrane [174], which is consistent with deguelin antiangiogenic activity.
In addition, deguelin analogs have been recently produced which inhibit HIF-1x and reduce both
in vitro angiogenesis and neovascularization in the OIR model [176].

In line with the other flavonoids cited above, the naturally occurring homoisoflavonoids
cremastranone and homoisoflavanone, which are both found in Cremastra appendiculata, traditionally
known as a medicinal plant in East Asia, have been observed to reduce both CNV and
neovascularization in the OIR model, and to inhibit HMREC or HUVEC proliferation, migration, and
tube formation [177,178].

Chalcones are natural compounds which are present in edible plants. Intraperitoneal
administration of trans-chalcone in a mouse OIR model has been shown to significantly inhibit
neovascularization and VEGF as well as ICAM-1 upregulation [179]. In addition, intravitreal
administrations of isoliquiritigenin, from licorice root, have been observed to alleviate neoangiogenesis
inboth the CNV and the OIR models, and suppress neovascularization in the corneal neovascularization
assay and VEGF-induced vessel growth in an ex ovo chick chorioallantoic membrane assay [180].

Blueberry anthocyanins are very effective in preventing the onset of microvascular damage. In the
retinas of diabetic rats treated with Vaccinium myrtillus extracts, VEGF levels have been seen to be
reduced, the expression of the tight junction proteins claudin-5, occludin, and ZO-1 is restored, and
BRB breakdown is prevented [181].

5.3. Carotenoids

Dietary lutein has been shown recently to promote a decrease in the extent of CNV induced by
laser photocoagulation in mice. This effect increases in an additive manner when lutein is administered
together with w-3 long-chain polyunsaturated fatty acids and it is accompanied by reductions in
oxidative stress and in inflammatory mediators [182].

5.4. Saponins

Rkl ginsenoside, a derivative of natural ginseng, has been implicated in the prevention of
pathological loss of vascular integrity thanks to its strong anti-vascular permeability action. Rkl
ginsenoside reduces leakage of retinal vessels in diabetic mice and, in HRMECs, inhibits endothelial
permeability caused by VEGF and other vasoactive factors such as thrombin and histamine [183].
Ginsenoside Re has also been reported to exert protective effects against vascular damage in the retinas
of diabetic rats [184].
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5.5. Other Compounds

In retinas of STZ rats, Lisosan G prevents VEGF upregulation and VEGFR2 stimulation,
as demonstrated by reduction of VEGFR2 phosphorylation. Consequently, the diabetes-induced
reduction of occludin and ZO-1 expression is also inhibited by Lisosan G. These effects result in
protection of the BRB, as evidenced by a dramatic reduction in vascular leakage in the retinas of STZ
rats treated with Lisosan G with respect to the retinas of control STZ rats [63].

Acetyl-11-keto-B-boswellic acid (AKBA) is an active principle derived from the plant Boswellia
serrata. It has been found to efficiently inhibit pathologic neovascularization in a mouse OIR model.
AKBA inhibits upregulation of VEGF expression, which is typical of OIR, likely by affecting the Src
homology region 2 domain-containing phosphatase 1/signal transducer and activator of transcription
3/VEGEF axis [185].

Osteomeles schwerinae C. K. Schneid (Rosaceae) is a native plant in Asia. An ethanolic extract
of this plant, referred to as K24, has an inhibitory effect on AGE-induced retinal vascular leakage
by suppressing the expression of VEGF and decreasing occludin downregulation. In addition, K24
inhibits neovascular growth in retinas of OIR mice [186].

Extracts of Zingiber officinale orally administered to diabetic rats result in the normalization of the
retinal vessel diameter and reduction of basement membrane thickness [89]. Diabetes-induced BRB
breakdown is prevented with extracts of Zingiber zerumbet rhizome, containing principally kaempferol,
quercetin, curcumin, and zerumbone. An ethanol extract of the rhizome administered to diabetic
rats reduces vascular permeability and vessel dilation, favors an increase in tight junction protein
expression, reduces VEGF and pro inflammatory molecule expression, causes a decrease in adhesion
molecules such as ICAM-1, and alleviates leukostasis [187]. The vasoprotective effect of ginsenosides
is also observed when they are in combination with other compounds. For instance, Panax notoginseng
may be combined with other Chinese herbs, such as Salvia miltiorrhiza, Astragalus membranaceus,
and Scrophularia ningpoensis, to generate a compound called Fufang Xueshuantong, which causes
an improvement in microvascular lesions, induces decreases in VEGF and ICAM-1 expression and
BRB breakdown together with an increase in occludin expression [188,189]. Similarly, adding Panax
notoginsen to Dang Gui Bu Xue Tang, an aqueous extract of Radix Astragali and Radix Angelica sinensis
used in traditional Chinese medicine, reduces VEGF levels, occludin expression, vascular permeability,
leukostasis, and the number of acellular capillaries in the retinas of diabetic rats [190].

Another extract that may reduce vascular damage in DR is the fortified extract of red berries,
Ginkgo biloba, and white willow bark, as cited above. Indeed, in addition to inhibition of TNF«x levels,
it also induces attenuation of VEGF upregulation in the retinas of STZ rats [95].

5.6. Relationships between Oxidative Stress, Inflammation, Neurodegeneration, and Vascular Damage

As discussed above, nutraceuticals display neuroprotective effects due to their antioxidant
and anti-inflammatory properties, as demonstrated in different experimental models of DR. These
same compounds, or compounds that have been demonstrated to possess antioxidant and/or
anti-inflammatory properties in other models, also protect the retina from the vascular damage
and vascular proliferation typical of DR. It is interesting to note that in studies analyzing VEGF in
DR models after treatment with neuroprotectants, decrease in apoptotic markers is always associated
with a decrease in VEGF expression and/or release (see for instance [12,63]). These observations
can be explained by assuming that those compounds also exert an independent regulation of the
VEGEF biosynthetic pathways or of the cell response to VEGF, as suggested by the observed effects of
nutraceuticals on VEGF-induced endothelial cell proliferation, migration, and tube formation, or in
models of retinal neoangiogenesis. However, the existence of a causal relationship between neuronal
damage and vascular responses is a more likely hypothesis. Therefore, the effects of diabetes in the
retina may include an initial high glucose-induced oxidative stress that elicits an inflammatory response
and provokes damage of neurons and of other retinal cells. Neuronal suffering then would trigger
expression and release of VEGF, mainly from Miiller cells, which would act as a neuroprotective factor.
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Indeed, VEGF has recognized neuroprotective properties, but its prolonged upregulation will induce
microvascular damage, BRB breakdown, and, in the long term, neoangiogenesis [3]. The assumption of
nutraceuticals from the earliest evidence of diabetes will strengthen the antioxidant power in the retina,
reducing oxidative stress and inflammation, with consequent protection from cell death, absence of
VEGF upregulation, and no induction of vascular changes (Figure 4).
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Figure 4. Hypothetic cascade of events induced by high glucose in the retina leading to diabetic
retinopathy and the effects of nutraceuticals. See text for explanation.

6. Clinical Studies

There are only a few clinical studies investigating the possible use of nutraceuticals for the
treatment of DR, and most of them have been focused on carotenoids. Randomized clinical trials
in patients with NPDR have shown that supplementation with lutein for three or for nine months
results in increased visual acuity and contrast sensitivity, while foveal thickness decreases, indicating
an alleviation of macular edema [191,192]. Similar results have been obtained in a placebo-controlled
randomized clinical trial with patients affected by diabetic maculopathy refractory to conventional
therapy, in which administration of 15 mg crocin tablets per day for three months caused a significant
improvement of both best-corrected visual acuity and central macular thickness [193]. In addition, Type
2 diabetes patients having a higher ratio of serum non-pro-vitamin A carotenoids (lutein, zeaxanthin,
lycopene) to pro-vitamin A carotenoids («-carotene, 3-carotene and [3-cryptoxanthin) have shown
a 66% reduction in risk for DR [194]. Moreover, the optical density of the macular pigment, which
comprises the carotenoids lutein and zeaxanthin [49], has been reported to be lower in patients with
Type 2 diabetes than in age-matched controls, and still lower in patients with Type 2 diabetes and
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DR [195]. Finally, a retrospective study with Type 2 diabetic patients after two years of carotenoid
supplementation has suggested that carotenoids may have a beneficial effect on the macular function
of diabetic patients [196].

In addition to clinical studies on carotenoids, there are also a few papers which have reported the
use of other nutraceuticals in patients suffering from DR. For instance, a standardized phytosomal
curcuminoid mixture (Meriva®) greatly improves curcumin absorption [197], and in one study
38 diabetic patients treated with Merivag showed improvements in diabetic microangiopathy and
retinopathy at four weeks post-treatment [198]. In addition, a recent study has investigated potential
beneficial effects of green tea. Indeed, a clinic-based, case-control study performed on diabetic patients
with Type 2 diabetes showed that those who regularly drank Chinese green tea every week for at least
one year in their lives had a DR risk reduction of about 50% compared with those who had not [199].

7. Bioavailability of Nutraceuticals

Bioavailability is a pharmacokinetic term referring to the fraction of bioactive compound
that reaches the blood circulation without undergoing alterations. The index of bioavailability
of nutraceuticals is important because it allows for the calculation of the right dose of nutraceutical
to ingest. For this reason, understanding the oral bioavailability of a nutraceutical compound is
as important as understanding its therapeutic potential. After ingestion, botanical compounds
must overcome a series of threats that may alter their structure before they can reach systemic
circulation, for instance, the environment of the gastrointestinal tract and the intestinal as well as the
hepatic metabolism. Unfortunately, many nutraceuticals have low oral bioavailability, and therefore
investigations to improve this aspect are of fundamental importance. Recently, significant steps
forward have been made to develop new technologies using analogous compounds, nanoformulations,
or nanoparticles, which may protect the nutraceutical from enteric adverse conditions [200-203].

Curcumin is characterized by poor bioavailability mainly due to low solubility, rapid metabolism
and poor absorption, which, despite its medical efficacy, limits its clinical applications [204]. Conjugation
of curcumin to metal oxide nanoparticles or encapsulation in lipid nanoparticles, dendrimers, nanogels,
or polymeric nanoparticles, improves the water solubility and bioavailability of curcumin, thus
increasing its pharmacological effectiveness [76]. The encapsulation of curcumin in the calix [4] arene
nanoassembly limits curcumin degradation and increases its solubility, enhancing the effect of the
compound on antioxidant and anti-inflammatory markers in both in vivo and in vitro models [205].
Similar results have been obtained using a different nanocarrier formulation comprising Pluronic-F127
stabilized p-x-Tocopherol polyethene glycol 1000 succinate nanoparticles [206]. A recent study has
reported that, among different tested curcumin formulations, only that containing a hydrophilic carrier
may provide therapeutic levels of curcumin in rabbit retinas [32].

Resveratrol, similarly to curcumin, is known for its poor oral bioavailability and scarce
pharmacokinetic properties due to low aqueous solubility and low photostability, which compromise
its great potential. In fact, as shown by pharmacokinetic studies, the levels of unmetabolized
resveratrol after oral administration are reduced to about 1% due to its high intestinal and hepatic
metabolism [207]. To solve this problem, different resveratrol nanoformulations have been tested,
including liposomes, solid lipid nanoparticles, polymeric nanoparticles, and cyclodextrins. The use
of these alternative administration methods generates different advantages because they improve
solubility, bioavailability, and physical chemical stability, and favor a controlled drug release [208-210].
The use of resveratrol analogs could be another alternative choice for administration of this nutraceutical.
The pharmacokinetic profiles of resveratrol and its analog perolstilbene have been analyzed in rats,
showing that the bioavailability of perolstilbene was 80% and that of resveratrol 20% [211]. A summary
of oral delivery systems for resveratrol has recently been published [160].

Nanoparticles can also be used to increase the bioavailability of epigallocatechin gallate, another
nutraceutical characterized by low solubility and stability. Different nanosystems have been used
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for epigallocatechin gallate delivery, including liposomes, gold nanoparticles, inorganic nanocarriers,
and lipid as well as polymeric nanoparticles [212,213].

A recent study has reported that the distribution of an orally administered nutraceutical may vary
substantially depending on tissue type. Indeed, in a pilot study, '*C-lutein was detected in a variety
of tissues in a rhesus macaque after a single oral administration, but not in the retina [214]. Some
improvement in lutein delivery to ocular tissues may derive from lutein encapsulation into hyaluronic
acid-coated PLGA nanoparticles, which have been demonstrated to efficiently bind ARPE-19 cells and
improve the physicochemical properties of lutein [215].

8. Conclusions

A review of the effects produced by the administration of nutraceuticals in DR-related models
indicates that all of the pathologic conditions seen in DR, including oxidative stress, inflammation,
neurodegeneration, and vascular lesions can be alleviated by many of these natural compounds. There
is evidence suggesting that oxidative stress, induced by diabetes through different pathways, might
promote inflammation and cause neurodegeneration. Neuronal suffering, in turn, would trigger
VEGEF upregulation, causing subsequent vascular damage. Therefore, it appears that an increased
antioxidant defense, if established before extended neuronal and vascular lesions, could reduce
the subsequent pathological changes. A continuous supplementation of nutraceuticals with diet
could afford a sufficient antioxidant power, and nutraceutical-based approaches may be the most
efficacious, economic, and sustainable treatments to limit or even prevent the development of DR in
diabetic subjects.

Despite this attractive perspective, however, clinical studies examining the real potential of
nutraceuticals to ameliorate DR are still very limited in number. This is probably due the fact that it is
not totally clear whether nutraceuticals should be tested to treat DR or to prevent DR. The evidence
reported in this review has led us to hypothesize a chain of events (see Figure 4) that could be
prevented by nutraceuticals; nutraceuticals may not be as efficient in treating the disease once it has
been established. When investigating the preventative value of nutraceuticals, clinical studies are
probably more difficult to organize and would require considerably long time periods.

Another reason for limiting clinical studies is likely the poor bioavailability of most nutraceuticals.
As long as efficient delivery methods are not available for nutraceuticals to exert significant biological
action in the retina, it will be difficult to design meaningful clinical investigations. Studies investigating
new strategies for nutraceutical delivery, mainly based on nanoformulations, are very recent (they
have appeared in the last ten years), and hopefully in the near future new research may fill this gap
and promote new clinical experimentation of nutraceuticals.
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Abstract: Saffron (Crocus sativus L.) and its main constituents, i.e., crocin and crocetin, are natural
carotenoid compounds, which have been reported to possess a wide spectrum of properties and
induce pleiotropic anti-inflammatory, anti-oxidative, and neuroprotective effects. An increasing
number of experimental, animal, and human studies have investigated the effects and mechanistic
pathways of these compounds in order to assess their potential therapeutic use in ocular diseases
(e.g., in age related macular degeneration, glaucoma, and diabetic maculopathy). This narrative
review presents the key findings of published clinical studies that examined the effects of saffron
and/or its constituents in the context of ocular disease, as well as an overview of the proposed
underlying mechanisms mediating these effects.
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1. Introduction

In addition to uncorrected refractive error, age related macular degeneration (AMD), glaucoma,
cataract, and other retinal diseases (e.g., diabetic retinopathy and retinitis pigmentosa) are the
major causes of blindness worldwide [1-4]. Among these ocular diseases, AMD is currently
listed as the leading cause of irreversible vision loss in the developed world [2]. While the
introduction of anti-VEGF (vascular endothelial growth factor) treatment has had a positive impact
on preserving vision and slowing progression in AMD [5], there is still no cure to date. Furthermore,
the increasing prevalence rates of obesity and related cardio-metabolic disease, including type 2
diabetes mellitus (T2DM) and cardiovascular disease (CVD) [6], adds significantly to the imposed
health care burden and increases the treatment challenges. Indeed, increasing data link AMD to
a number of lipid pathway genes, CVD phenotypes, excess body weight, and central/abdominal
obesity [7-9]. Moreover, most of the aforementioned conditions are also associated with aging and
exhibit overlapping pathophysiology with common mechanistic pathways, such as inflammation,
oxidative stress, apoptosis, and neurodegeneration [6,7,10-13]. As these pathways may be affected
by the effects of various nutritional supplements and botanical/herbal compounds (e.g., saffron and
its constituents), increasing research interest is now focused on the potential therapeutic use of such
natural products [11,14-16].
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Saffron is mainly used in cooking as a colouring and flavouring spice that is comprised of
the dried stigmas of the Crocus sativus L. flower, a stemless herb that belongs to the Iridaceae
family [17,18]. Based on phytochemical studies, the pharmacologically active saffron constituents
include bitter principles (e.g., picrocrocin), volatile agents (e.g., safranal, which can be obtained by
picrocrocin hydrolysis), and dye materials (e.g., crocetin and its glycoside, i.e., crocin, which gives
saffron its characteristic colour) [17-19]. In herbal medicine, saffron is traditionally used as
a nerve sedative, stress-reliever, anti-depressant, aphrodisiac, expectorant, and anti-spasmodic
agent [17,18,20,21]. Growing evidence from pharmacological studies has further shown that saffron
or its active constituents may potentially exert neuroprotective, anti-convulsant, anti-depressive,
anxiolytic, anti-oxidant, anti-inflammatory, hypolipidemic, anti-atherogenic, anti-hypertensive,
and even anti-tumour effects [17,18,20,22,23]. Of note, a recent meta-analysis by Pourmasoumi et al.
showed that saffron may be beneficial for several CVD-risk related outcomes (e.g., blood pressure,
body weight, waist circumference, and fasting blood glucose levels), suggesting that saffron may have
protective effects for multiple systemic conditions related to such CVD risk factors [24]. Furthermore,
favourable results have been recently reported from both animal and clinical studies examining the
effects of saffron and its constituents on CVD risk [22,24,25], endothelial function [26], inflammatory
diseases [23,27], oxidative stress [26,28], and glycaemic factors [24,29], indicating that saffron may
have promising potential as adjunct therapy in both systemic conditions and ocular diseases mainly
through its anti-inflammatory and anti-oxidative effects [14,17,20,22].

This narrative review presents key findings of clinical studies that investigated the impact of
saffron or one of its constituents on vision-related outcome measures, and an overview of the proposed
mechanisms mediating these effects. As saffron is a natural product and, hence, saffron supplements
are under less tight regulation regarding sale and dosage, this review is also intended to provide
concise information on dosage and potential side effects based on the available literature.

2. Methods

Although not a systematic review, in order to ensure the quality and consistency of our approach,
in the present narrative review we applied a predefined search strategy and followed, where relevant,
the Preferred Reporting Items for Systematic Reviews (PRISMA) guidelines [30,31].

Search strategy: A systematic search of the following databases was conducted: PubMed, Scopus,
Google Scholar, Cochrane library, and Web of Science. Studies published on these databases available
up to the 31st of January 2019 were included for screening. Using Boolean operators (e.g., AND, OR),
the applied search terms included combinations of the following key words: “saffron”, “safranal”,
“crocetin”, “crocin”, “eye”, “ocular”, “retina”, “diabetes”, “macula”, “glaucoma”, “age related
macular degeneration”, “AMD” “anti-inflammatory”, “anti-oxidant”, “neuroprotective”, “nutrition”,
and “supplement”. Only publications in the English language were included. To minimise the risk of
omitting relevant studies, the reference lists of all eligible papers were also manually checked.

Study selection: After elimination of duplicate records by one author (RH), two authors (RH and
IK) independently reviewed the remaining publications to decide which were suitable for inclusion in
this review. As a first step to eliminate unsuitable studies, all titles and abstracts of the publications
identified through the performed database searches were screened, and studies that were clearly
irrelevant were removed. Subsequently, the remaining papers were evaluated by reviewing the full
text versions. Finally, all clinical studies in adults with ocular diseases which assessed the impact of
saffron and/or its constituents on vision-related outcome measures, such as visual acuity, visual field
parameters, contrast sensitivity, electrophysiology parameters (electroretinography (ERG), focal ERG
(fERG), and multifocal ERG (mfERG)), macular thickness measures, and intraocular pressure (IOP),
were included and reviewed in detail. Any discrepancies regarding inclusion of clinical studies were
resolved by consensus and, if necessary, discussion with a third author (JB). Table 1 presents the PICOS
(Population/Participants /Problem, Intervention, Comparators, Outcomes, Study Design) criteria that
were followed in order to identify clinical studies for the present review.
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Table 1. Predefined PICOS (Population/Participants/Problem, Intervention, Comparators, Outcomes,
Study Design) criteria that were followed in order to identify and include clinical studies in the
present review.

Parameters Descriptions

Population/Participants/Problem  Adults with ocular disease

Any intervention with oral administration of saffron or one of its

Intervention .
constituents

Studies with any comparator/control that incorporated a
Comparison non-intervention group or studies with a pre- vs. post-intervention
comparison without a comparator/control group

Vision-related outcome measures, such as visual acuity, visual field

Outcomes parameters, contrast sensitivity, electrophysiology parameters (ERG,
fERG, mfERG), macular thickness measures, and IOP
Setting Clinical studies/trials

ERG: electroretinography; fERG: focal electroretinography; mfERG: multifocal electroretinography; IOP:
intraocular pressure.

3. Clinical Evidence Regarding the Impact of Oral Supplementation with Saffron or One of Its
Constituents on Vision-Related Parameters in Adults with Ocular Diseases

Based on the results of the performed literature searches, there were eight published clinical
studies that have assessed the impact of oral supplementation with saffron or one of its constituents
on vision-related parameters in adults with ocular diseases [32-39]. Of these, six were randomized
controlled trials (RCTs) [32,35-39], while two are longitudinal interventional clinical studies reporting
on pre- (baseline) versus post-intervention comparisons without a comparator/control group [33,34].
For the two latter studies that are from the same group and report on different outcome measures, it is
also not clear whether their design involves, at least partly, participants of the same cohort, and efforts
to contact the corresponding authors in order to clarify this point were not successful [33,34]. The key
characteristics and findings of these eight clinical studies are presented in the following sections and
are summarized in Table 2.
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Age related macular degeneration: six published clinical studies assessed vision-related parameters
in AMD patients under oral saffron supplementation (Table 2) [32-37]. Based on these, both objective
(ERG) and subjective measures (Snellen, LogMar, EDTRS charts) of visual acuity were shown to
significantly improve with all tested dosages of saffron (daily dose range: 20-50 mg), even after
short-term oral supplementation (e.g., three months) [32-37]. Central macular thickness (CMT) [35] and
contrast sensitivity (CS) [36] were also assessed in certain studies (Table 2), with the latter reportedly
increasing with saffron supplementation [36], whilst the former was shown to decrease only in wet,
but not dry AMD following saffron supplementation [35]. As the formulation, dosage, intervention
duration, test methods, and outcome measures varied across these six studies, a direct quantitative
comparison was not possible. Of note, longer-term data are currently available only from the two
non-RCT studies with oral saffron supplementation (20 mg daily) in patients with bilateral early
AMD over 12 and 15 months, respectively (Table 2) [33,34]. In these two longer studies, the noted
improvements were achieved within three months of oral saffron supplementation, after which the
gained functionality seemed to plateau [33,34].

Glaucoma: the only existing clinical study in patients with primary open angle glaucoma (POAG)
reported that oral saffron supplementation (30 mg daily for one month) can significantly reduce the IOP
after three weeks (Table 2) [38]. In this pilot double-blind, placebo controlled RCT, all participants had
stable POAG (verified by visual field and optic nerve head examinations) and were treated with topical
timolol 0.5% twice daily and dorzolamide 2% three times daily. Compared to placebo, the addition
of daily oral saffron supplementation for one month resulted in significantly decreased IOP after the
third week, but this effect reverted after a 4-week wash-out period [38].

Diabetic maculopathy: despite the alarmingly increasing T2DM prevalence, only one eligible RCT
was identified in patients with refractory diabetic maculopathy; it examined the effects of oral crocin
supplementation (5 mg or 15 mg daily) (Table 2) [39]. In this study, Sepabhi et al. reported a decrease
in CMT that appeared dose dependent, showing significant reduction after three months of daily
oral crocin supplementation compared to placebo in the higher (15 mg), but not in the lower (5 mg)
dosage group [39]. Visual function, as measured by best corrected visual acuity (BCVA), was also
significantly improved only in the higher dosage group compared to placebo. Moreover, in addition
to the ocular findings, oral crocin supplementation significantly reduced HbAlc and fasting blood
glucose levels only with the higher dose. Interestingly, while the lower crocin dose did not induce
significant reductions compared to placebo, the study authors noted that this dose could clinically
improve CMT, BCVA, HbAlc, and fasting glycaemia [39].

4. Action Time-Course of Oral Saffron Supplementation

To date, there are limited data regarding the time-course of the effects of oral saffron
supplementation on visual-related parameters in patients with ocular diseases. From most of
the aforementioned published clinical studies (Table 2) [32-39], it appears that saturation of the
saffron-induced effect(s) is reached within a three-month period of oral supplementation. It is plausible
that this saturation can be reached earlier; however, this remains uncertain, since most of these studies
included testing at three-month intervals. Moreover, it is noteworthy that in a study utilizing a light
damage model of photoreceptor degeneration in rats, the protection noted with the applied daily dose
of saffron (1 mg/kg) was detectable at two days, increasing to 10 days [40].

5. Safety Profile of Oral Saffron Supplementation

A relatively limited number of studies have examined the toxicity of saffron [18,22,41-43].
According to in vivo studies, saffron has very low toxicity for doses of up to 1.5 gr per day, while toxic
effects have been documented for daily doses >5 gr, with a lethal dose of approximately 20 gr [44].
The side effects of saffron are partly attributed to its dye/coloured constituents, which can accumulate
in the skin, mucosas, and/or sclera mimicking icteric symptoms [44].
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Taking into account that toxic effects of saffron appear to require doses of grams per day, clinical
data from studies in healthy volunteers suggest that saffron and crocin in doses of milligrams per
day can be considered safe [45,46]. Indeed, a randomized, double-blind, placebo-controlled study
examining the safety of oral crocin supplementation (20 mg daily compared to placebo) in healthy
volunteers concluded that this was relatively safe within the one-month study period [45]. In this
short-term study, there were no major adverse events and no changes in the studied haematological,
biochemical, hormonal, and urinary parameters, except for decreasing amylase levels, mixed white
blood cells, and partial thromboplastin time after one month [45]. Saffron doses of 200 mg and 400 mg
for seven days were also shown to be relatively safe in another double-blind, placebo-controlled study
in healthy volunteers, with changes in haematological and biochemical parameters that were not
considered clinically important [46]. Notably, in this study, one female participant in each of the two
saffron groups exhibited abnormal uterine bleeding [46].

Furthermore, systematic review data from RCTs examining the effectiveness of saffron on
behavioural and psychological outcomes also support the safety of saffron supplementation, since in
all these studies there were no significant differences in adverse events between saffron and placebo
groups [47]. Nausea, sedation, appetite fluctuation, and headache were among the most common
adverse effects reported in these RCTs, which used saffron daily doses ranging from 20 mg to
400 mg (supplements containing additional compounds with putative synergistic effects were
also used in some of these RCTs) [47]. Similarly, a good safety profile has been reported in the
available clinical studies in patients with ocular conditions, most of whom had regular follow-up
that also included telephone calls and interviews to ensure compliance and monitor possible side
effects [32-39]. Indeed, these studies concluded that the applied dose regimens of saffron and crocin
were safe without significantly increased safety risk [32-39]. As such, the available clinical evidence
supports the safety of oral saffron supplementation; however, longer-term studies are still required
in order to comprehensively evaluate the long term safety profile of saffron and its constituents in
various conditions.

Overall, caution is currently advised regarding saffron supplementation in patients with renal
insufficiency or bleeding disorders, and in those on anti-coagulation treatment due to potential
inhibition of platelet aggregation [21,41]. Finally, saffron supplementation has also potential
emmenagogue and abortifacient effects [48]. In fact, saffron has been reportedly used for induction of
abortion (doses >10 gr) [41,44], with amounts higher than those used in foods (>5 gr) having uterine
stimulant effects; thus, it should be avoided during pregnancy [21].

6. Proposed Mechanisms/Pathways Mediating the Effects of Saffron and/or Its Constituents in
Ocular Diseases

Taking into account the underlying pathophysiology of AMD, diabetic retinopathy, and glaucoma,
improvements in the overall pro-inflammatory and oxidative stress load, as well as in the systemic
vascular/endothelial health, have the potential to also positively impact on ocular-related parameters.
Therefore, given the favourable effects of saffron and/or its constituents on multiple CVD-risk
factors and inflammation [23,24,27,28], it is highly plausible that the same underlying anti-oxidant,
anti-apoptotic, and anti-inflammatory mechanisms/pathways are also facilitating the noted positive
effects of oral saffron supplementation in ocular diseases (Figure 1). For example, reduced circulating
levels of glutathione (GSH; a key radical scavenger) have been shown in patients with POAG, leading
to increased oxidative stress [49]. Accordingly, a possible mechanistic pathway mediating the effects of
saffron and its constituents (crocin and crocetin; both anti-oxidant carotenoids) is considered to involve
increased GSH levels that protect against reactive oxygen species and apoptosis [23]. Similarly, crocin
and crocetin may also suppress the activation of pro-inflammatory pathways (e.g., the nuclear factor
kappa-B pathway) [23,50-52]. Furthermore, these two saffron constituents appear to enhance oxygen
diffusion [53], and improve ocular blood flow [54], factors that play an important role in diseases such
as AMD. Of note, pathways targeting not only oxidative stress and inflammation, but also endothelial
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function are also particularly relevant to glaucoma treatment and may mediate the effects of saffron
and/or its constituents in patients with glaucoma. Indeed, the trabecular meshwork, which constitutes
the target tissue of glaucoma in the anterior chamber, is comprised by endothelial-like cells, and is
sensitive to oxidative damage, since it lacks effective antioxidant mechanisms [55,56]. As such, the
trabecular meshwork is altered in most types of glaucoma, consequently increasing IOP [56], and may
be a target for the effects of saffron and/or its constituents in patients with glaucoma; however, further
research is required to clarify these potential mechanisms/effects. Finally, saffron and its constituents
have been shown to improve glycaemia by enhancing insulin sensitivity and preventing pancreatic
beta-cell failure [39,57], which in turn may improve diabetic retinopathy /maculopathy [39].

POTENTIAL UNDERLYING MECHANISMS MEDIATING
THE EFFECTS OF SAFFRON AND/OR ITS CONSTITUENTS IN OCULAR DISEASES

Figure 1. Simplified schematic representation of the potential mechanisms that may mediate
the effects of saffron and/or its constituents (e.g., crocin) in various ocular diseases (e.g., age
related macular degeneration, primary open angle glaucoma, and diabetic retinopathy), including

anti-inflammatory, anti-oxidant, anti-apoptotic, neuroprotective, antidiabetic, anti-atherogenic,
and anti-hypertensive effects.

Moreover, a recent study by Corso et al. demonstrated that saffron can decrease ATP-induced
retinal cytotoxicity by targeting the P2X7 receptors [58]. As these receptors are found in both inner
and outer retinal cells, which are affected in neurodegenerative disorders such as AMD, this suggests
another potential mechanistic pathway via which saffron may protect against neurodegeneration [58].
This is also supported by data showing that saffron may protect photoreceptors against retinal stress,
maintaining both function and morphology in a mammalian retinal model after exposure to damaging
bright continuous light [59]. Laabich et al. have also shown that crocin protects retinal photoreceptors
against light-induced cell death in primary retinal cell cultures [60].

It should be also noted that the pharmacokinetic details regarding whether and which saffron
constituents/metabolites reach the various tissues after oral intake of saffron or one of its constituents
are not fully clarified yet. Therefore, the exact mechanisms by which saffron and/or its constituents
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act on the retina (particularly, on the photoreceptors and bipolar cells) remain to be further elucidated.
Indeed, differences in uptake and tissue distribution may further account for different underlying
pathways/mechanisms which can mediate the observed effects of oral saffron supplementation in
patients with ocular disease. For example, lutein is considered to exert protective effects against AMD
through its anti-oxidative properties and its accumulation in the macula acting as a blue light filter [61].
On the other hand, saffron and its constituents may improve ocular function more indirectly by
improving the aforementioned systemic CVD-risk factors through anti-inflammatory and anti-oxidant
effects [22,23,26-28,62].

Pharmacokinetic studies in rats have shown that after oral administration, crocin is largely
excreted from the gastro-intestinal tract, which also serves as an important site for crocin hydrolysis [63].
As such, orally administered crocin is hydrolysed to crocetin before intestinal absorption [41,64].
Furthermore, crocetin has been shown to be quickly absorbed after oral administration in mice,
with a short plasma half-life, resulting in rapid elimination without accumulation in the body [41].
Interestingly, the progress of saffron supplementation has been examined both in an animal model
with light-induced retinal degeneration and AMD patients [42]. Indeed, experiments in albino rats
under saffron treatment showed that crocetin was detectable in the collected blood samples [42].
However, there were no traces of saffron-related metabolites in any other examined tissue, with the
exception of degenerating retinas where modest amounts of crocins were found in 7 of the 15 tested
animals [42]. These findings suggest that crocins may be resynthesized from circulating crocetin,
which can reach the retina following blood-brain barrier damage, as also supported by the fact that
no crocin or crocetin metabolites were found in healthy retinas or other parts of the central nervous
system [42]. In addition, based on analyses of blood and urine samples (collected within two hours
after the morning saffron dose) from two AMD patients under saffron supplementation for over a year
and three healthy volunteers after two weeks under the same saffron dose (20 mg daily), crocetin was
consistently quantified in both blood and urine samples from the healthy volunteers, but not in those
from the AMD patients, suggesting that these metabolites are immediately absorbed and used [42].
In line with this, data from an open-label, single dose escalation study (single crocetin dose of 7.5, 15,
and 22.5 mg in one-week intervals) have also indicated that crocetin is absorbed more quickly than
other carotenoids (e.g., lutein) in healthy adults [65].

Finally, an increasing body of RCTs indicate that saffron may improve the effects and symptoms
of depression [47,66-68]. As depression may often affect patients with chronic diseases (e.g., with
AMD, diabetic retinopathy, or glaucoma) [35,69,70] in whom it may also reduce treatment adherence
(e.g., potentially lower adherence to glaucoma treatment, and, hence increase the glaucoma progression
risk) [70], it seems plausible to hypothesize that some of the benefits of oral saffron supplementation
in patients with ocular diseases may also have a component relating to the potential anti-depressive
effects of saffron and/or its constituents [35]. However, currently there is a paucity of clinical data
addressing this hypothesis that requires testing in the context of well-designed RCTs.

Overall, the majority of the data regarding the potential mechanisms/pathways mediating the
effects of saffron and/or its constituents in ocular diseases originate from either in vitro experiments
on human cell lines or animal models. These experiments/models allow the study of effects and
mechanistic pathways that may be otherwise inaccessible, but have obvious limitations regarding
their applicability to humans due to their nature (e.g., models involving light- or drug-induced ocular
damage), which also cannot fully account for the multifactorial and progressive nature of most ocular
diseases in humans. In addition, findings documented in clinical studies with saffron or its constituents
that relate to subjective measures of vision and quality of life indices cannot be replicated and further
tested in animal models. Thus, it becomes evident that translating and clarifying the evidence regarding
the underlying mechanisms/pathways induced by saffron and/or its constituents in ocular diseases in
humans requires additional data from both pre-clinical and clinical studies.
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7. Summary of the Literature

The existing clinical evidence suggests that oral supplementation with saffron or crocin may
have positive effects on various vision-related parameters in adults with AMD, POAG, and diabetic
maculopathy (Table 2) [32-39]. Moreover, the findings from these clinical studies support the good
safety profile of oral supplementation with saffron (range of tested daily doses: 20 to 50 mg) and
crocin (5 mg and 15 mg daily) in these patients, but long term safety data are still scarce. As such, it is
not possible to draw firm conclusions for evidence-based recommendations regarding oral saffron
supplementation from the clinical studies conducted so far, since the existing data are considered rather
limited, particularly regarding long term outcomes and for conditions other than AMD. In addition,
further research is also required to clarify the exact underlying mechanisms that mediate the noted
positive outcomes of oral saffron supplementation in ocular diseases. Based on the available data from
in vitro, animal, and human studies, it is currently considered that pleiotropic effects of saffron and/or
its constituents relating to anti-inflammatory and anti-oxidant pathways, as well as to improvements
in oxygen diffusion and ocular blood flow are likely to facilitate the documented benefits of saffron
supplementation in ocular diseases (Figure 1) [22,23,26-28,53,54,62].

8. Conclusions

Saffron supplementation appears to have promising potential as an effective and safe adjunct
therapy in certain ocular diseases [32-39,61]. It is important to highlight that nutritional/dietary
supplements (i.e., concentrated sources of vitamins and minerals and/or other substances with a
nutritional or physiological effect that are marketed in “dose” form, such as tablets, capsules, pills,
or liquids in measured doses) have to comply to certain national/international regulations [71,72].
Indeed, although such supplements are regulated as foods, these are subject to different regulations
compared to other foods and from drugs in order to protect consumers against potential health
risks from these products and the general public against potentially misleading information [72].
However, such regulations vary from country to country, despite certain shared existing regulatory
frameworks (e.g., the European Directive on Food Supplements) [71,72]. Particularly for saffron, it is
also noteworthy that its content may vary depending on the source [61]. In this context, it becomes
evident that there is still an unmet need for additional bioavailability and pharmacokinetic studies,
as well as well-designed, adequately powered and long term RCTs in order to form evidence-based
recommendations for the potential therapeutic role of oral saffron supplementation in ocular diseases.
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Abstract: Age-related macular degeneration (AMD) is a complex multifactorial disease and the
primary cause of legal and irreversible blindness among individuals aged >65 years in developed
countries. Globally, it affects 30-50 million individuals, with an estimated increase of approximately
200 million by 2020 and approximately 300 million by 2040. Currently, the neovascular form may
be able to be treated with the use of anti-VEGF drugs, while no effective treatments are available
for the dry form. Many studies, such as the randomized controlled trials (RCTs) Age-Related Eye
Disease Study (AREDS) and AREDS 2, have shown a potential role of micronutrient supplementation
in lowering the risk of progression of the early stages of AMD. Recently, low-grade inflammation,
sustained by dysbiosis and a leaky gut, has been shown to contribute to the development of AMD.
Given the ascertained influence of the gut microbiota in systemic low-grade inflammation and
its potential modulation by macro- and micro-nutrients, a potential role of diet in AMD has been
proposed. This review discusses the role of the gut microbiota in the development of AMD. Using
PubMed, Web of Science and Scopus, we searched for recent scientific evidence discussing the impact
of dietary habits (high-fat and high-glucose or -fructose diets), micronutrients (vitamins C, E, and
D, zinc, beta-carotene, lutein and zeaxanthin) and omega-3 fatty acids on the modulation of the gut
microbiota and their relationship with AMD risk and progression.

Keywords: age-related macular degeneration; gut-retina axis; gut microbiota; dietary habits;
micronutrients; fish oil; omega-3 polyunsaturated fatty acids; personalised medicine
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1. Introduction

Age-related macular degeneration (AMD) is a complex multifactorial disease, and in developed
countries, it represents the first cause of legal and irreversible blindness among individuals aged
>65 years. Globally, it affects 30-50 million individuals, and despite the introduction of new therapies
for prevention and treatment, it is expected to increase by tenfold (300 million) by 2040 [1]. Its
prevalence is relatively low in young-adult individuals; however, it reaches nearly 12% in individuals
aged >80 years [2]. The disease affects the quality of life and daily living activities of the patients, and it
causes human and social burdens, as well as high economic costs for the entire healthcare system [3,4].

AMD, in the early stages, is characterized by the presence of hyaline deposits, referred to as
“drusen”, and hyper/hypopigmentations of the retinal epithelium in the retinal macular area, without
visual impairment (age related maculopathy); however, it may evolve in the advanced dry form,
referred to as “geographic atrophy” (GA), which is characterized by a significant loss of retinal
pigment epithelium (RPE), or it may evolve in the wet (neovascular) form, sustained by abnormal
choroidal neovascularization. These neovessels may undergo plasma or blood extravasation, leading
to neurosensory or RPE detachment with fluid and/or blood accumulation. These changes, in turn,
attract fibroblast migration and proliferation with further epithelium damage. At this stage, the GA or
the neovascular form present moderate to severe visual loss.

It is unclear whether these forms are distinct or if they are different features of the same disease [5].
The neovascular form is treated with the use of anti-VEGF drugs; no effective treatments are available
for the dry form, which relies on the prevention and control of risk factors, including specific nutritional
intake and dietary supplements.

One potential approach to reduce the risk of AMD is the prescription of vitamins and other
anti-oxidative micronutrients [6]. The main reason for this choice resides in their anti-inflammatory
and anti-oxidant properties. Although the precise causes of AMD remain unknown, there is a clear role
of inflammation in the pathophysiology of this disease. The RPE is fed by a dense vascular network,
with high oxygen tension; moreover, a high rate of unsaturated fatty acid and photosensitizing
compounds make the retina highly susceptible to reactive oxygen species (ROS) damage [7]. For
example, one of the most recognized risk factors of AMD is light exposure: all light, even ambient
natural light, can induce the formation of ROS in the RPE, which leads to the creation of lipid and
protein peroxidation products [8]. Smoking is another well-known risk factor for AMD and is the most
consistently identified modifiable risk factor, given its pro-oxidative and pro-inflammatory effect [5].
Many other factors, such as age, genetics, lifestyle, environmental factors and diet, may influence the
risk and progression of AMD (Figure 1).

Obesity and overweight are associated with an increased risk of AMD in a dose-dependent
fashion [9], while a reduction in the waist-to-hip ratio has been demonstrated to decrease the risk
of AMD [10]. The impacts of high sugar and Western diets have also been shown in the risk and
progression of AMD [11]. Furthermore, epidemiological studies strongly suggest the important
contributions of several nutritional and non-nutritional compounds beyond the necessary energy
intake to the risk of AMD. There has also been substantial progress in identifying the genetic variants
that impact AMD risk.

Nutrients may act directly similar to antioxidant or anti-inflammatory compounds or indirectly
by the gut microbiome; thus, there is a strong interest of the scientific community in the established
efficacy of nutraceutics and functional foods rich in antioxidant and prebiotics in the prevention and
as support to anti-AMD pharmacological treatments.

In the previous 10 years, an altered gut microbiota has been associated with many intestinal
and extra-intestinal diseases, such as metabolic and inflammatory diseases, non-alcoholic fatty
liver disease (NAFLD), cancer and obesity [12-15]. An increased intestinal permeability permits
a higher translocation of bacterial products such as the endotoxin lipopolysaccharides (LPS) and
pathogen-associated molecular pattern molecules (PAMPs), inducing low-grade inflammation in
several tissues through the activation of pattern recognition receptors (PRRs). This biological crosstalk
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occurs also in dendritic cells, perivascular macrophages and RPE cells and may sustain ocular
inflammation. Moreover, gut microbiota metabolites and products may modulate retina-specific
immune cells [16]. Recently, an obesity-associated gut-microbiota has been shown to drive pathological
angiogenesis toward aberrant choroidal neovascularization (CNV) in retinal tissue [16]. All this
evidence supports the concept of a “gut-retina axis” in the pathogenesis of ocular diseases., It is
known that the gut microbiota undergoes significant changes after the age of 65 years, reducing its
richness and resilience to lifestyle changes, antibiotics, and diseases, particularly in frail patients [17]
Also, the gut microbiota is a crucial player in the metabolism and absorption of several macro and
micronutrients in the gut barrier, even those involved in AMD.

The identification of the relationship among diet, micronutrients, the gut microbiota, and host
immunity is a new frontier in the treatment of many metabolic diseases. This review focuses on the
interplay of the gut microbiota with diet and micronutrients in AMD, in the so-called “gut-retina axis”.

biosis and leaky gut
e s - 4
S ".‘ -
B ¢
__smoking

R NN

Figure 1. Altered dietary habits, dysbiosis and leaky gut, and low grade inflammation, together with
aging, smoking and light exposure may influence the risk and progression of age-related macular
degeneration (AMD). Abbreviations: HG: High Glucose; HFr: High Fructose; UV-B: Ultraviolet-B.

2. Literature Review Method

We searched and selected the most relevant publications between January 1998 and August 2018
on PubMed, Web of Science and Scopus with the search terms “age-related macular degeneration”,
“gut microbiota”, “diet”, “micronutrients”, and “fish 0il” and “omega-3 polyunsaturated fatty acids”.
We selected all experimental and epidemiologic studies, supporting or not, the link between dietary
habits, micronutrients, the gut microbiota, and AMD.

3. Diet and Gut-Microbiota in Age-Related Macular Degeneration (AMD)

3.1. Gut Microbiota: A Diet-Driven Ecosystem

The gut microbiota is a complex ecosystem colonizing the gastrointestinal tract with a higher
distribution in the colon (10 cells per gram of feces). The gut microbiota is composed of a large
number of bacteria (up to 1000 different species), archaea, fungi, and viruses. Overall, the number of
resident microbial cells is 1.3 times greater than the number of eukaryotic cells of the whole human
organism [18]. The gut microbiota has continuous cross-talk with its host, modulating the process of
food absorption and maintaining the physiologic stimulation of the gut immunity system.
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Although there are many known bacterial phyla in the gut microbiota, only a few phyla
are predominantly represented and account for more than 160 species: among them, Firmicutes
(mainly Gram-positive), Bacteroidetes (mainly Gram-negative), Actinobacteria and Proteobacteria
are prevalent [19]. The former two (Firmicutes and Bacteroidetes) account for more than 90% of all
phylogenetic types in both mice and humans; the less represented phyla are Verrucomicrobia and
Fusobacteria [15,20].

The gut microbiota composition may vary according to dietary habits. For example, ob/ob mice
(mutant mice that eat excessively due to mutations in the leptin gene) have a 50% reduction in the
abundance of Bacteroidetes and a proportional increase in Firmicutes compared with those in lean
mice [21]. The provision of a high-caloric, high-fat and simple sugar-based diet (Western diet) to
wild-type mice leads to an overall decrease in the diversity of the gut microbiota, with a specific
reduction in Bacteroidetes and a bloom of a single class of Firmicutes (Mollicutes) [22]. Turnbaugh et al.
showed, in a mouse model, that this “obesity-associated gut microbiome” had an increased capacity to
harvest energy from the diet, breaking down otherwise indigestible dietary polysaccharides. Moreover,
this property is a transmissible trait: adult germ-free mice colonized (by gavage) with a microbiota of
obese (0b/ob) donors exhibited a significantly higher increase in body fat over two weeks than mice
colonized with lean donors’ microbiota fed with the same quantity and caloric density of chow [15].
Moreover, a high-fat-diet (HFD) does not induce weight gain or hypercholesterolemia in the absence
of gut microbiota, as shown in germ-free C57BL/6] mice compared to wild-type mice; germ-free mice
also show enhanced insulin sensitivity with improved glucose tolerance compared to conventional
mice on the same diet [23]. These findings confirm the pivotal role of the gut microbiota in driving the
metabolic pathways of obesity and low-grade inflammation.

3.2. High-Fat Diets and the Gut Microbiota in AMD

It is well known that a HFD and unhealthy lifestyle may influence the progression of AMD
in genetically predisposed individuals [24]. Chiu et al. specifically investigated the role of dietary
patterns in the prevalence of AMD, collecting the nutritional habits of 4088 participants enrolled in
the Age-Related Eye Disease Study (AREDS) (8103 eyes). The authors initially derived the dietary
patterns by conducting principal component analysis (PCA) of food consumption data from the
AREDS food frequency questionnaire (FFQ); they subsequently performed a logistic analysis and a
qualitative comparative analysis (QCA) to evaluate the associations between dietary patterns and
AMD, comparing the highest to lowest quintiles for each pattern. This cross-sectional study reported
that a “Western diet”, mainly composed of high-fat dairy products, butter or margarine, gravies,
processed and red meats, eggs, sweets and desserts, energy drinks, refined grains and French fries, was
strongly associated with a higher prevalence of advanced AMD (OR: 3.70; 95% ClI, 2.31-5.92; p < 0.0001);
in contrast, the so-called “oriental” dietary habit, mainly composed of vegetables, legumes, rice, whole
grains, fruit, tomatoes, green leafy vegetables, low-fat dairy, fish, and seafood, was protective from
advanced AMD (OR: 0.38; 95% CI, 0.27-0.54; p < 0.0001) [25].

A large epidemiological study, conducted in 21,287 participants from the Melbourne Collaborative
Cohort Study, confirmed abdominal obesity as an independent risk factor for early (OR: 1.13; 95% CI,
1.01-1.26; p = 0.03) and late AMD (OR: 1.75; 95% CI, 1.11-2.76; p = 0.02) [26].

Andriessen et al. released the first evidence of the critical role of the gut microbiota in exacerbating
CNV from a HFD. The authors randomized six-week-old C57BL/6] mice on a regular chow diet (RD;
16% kcal fat) or a high-fat diet (HFD; 60% kcal fat). The two groups were further randomized to
receive (or not) neomycin (a non-gut permeable antibiotic) in their drinking water at the ninth week.
At the eleventh week, all mice were subjected to a laser photocoagulation that induces choroidal
neovascularization, mimicking neovascular AMD. Following sacrifice, HFD-fed mice showed a 60%
increase in CNV compared to RD-fed controls. Surprisingly, HFD-fed mice treated with neomycin
displayed a CNV level similar to RD-fed control mice, even if weight gain was consistent with the
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other HFD-diet mice. In the authors’ opinion, this could explain the role of the gut microbiota in the
aberrant choroidal neoangiogenesis, irrespective of the body weight.

Moreover, the type of diet significantly influenced the gut microbiota composition as shown
by sequencing bacterial 16S rRNA extracted from the feces of mice: Bacteroides comprised 66% and
Firmicutes comprised 33% of the total bacteria in RD-fed mice, whereas a sharp inversion of this
ratio was found in HFD-fed mice (19% and 67%, respectively). Notably, neomycin-treated HFD-fed
mice had a Bacteroides rate of 65% of the total bacteria (similar to RD-fed mice) and a Firmicutes rate
of <10%. Of note, the HFD-diet harbored a modest presence of Actinobacteria and Spirochaetes. In
turn, the different gut microbiota compositions in HFD-fed mice sustained an abnormal inflammatory
response. Analysis via fluorescence-activated cell sorting (FACS) of retinas and sclera—choroid—RPE
indicated a two-fold increase in mononuclear phagocytes and microglia of HFD-fed-mice compared to
control RD-fed mice; in contrast, neomycin treatment abolished this effect. This gut dysbiosis-driven
neovascular response was found to be linked to an increased intestinal permeability and chronic
low-grade inflammation (elevated production of IL-6, IL-1beta, TNF-alpha and VEGEF-A) [16]. It is not
clear if the neomycin itself could act stabilizing Firmicutes rather than Bacteroides also in other animal
contexts. However, the modulation of gut microbiota, even in HFD, appears a potential way to deal
with AMD progression.

3.3. High-Glucose or -Fructose Diets and the Gut Microbiota in AMD

The excess of sugar in modern dietary habits has been linked to obesity and several metabolic
diseases, including diabetes mellitus type II, NAFLD and cardiovascular diseases [27]. Inside these
settings, a pivotal role is currently attributed to the gut microbiota, which is responsible for changes
in intestinal permeability, leading to metabolic endotoxemia, insulin-resistance, lipid accumulation
in tissues and organs and increasing plasmatic levels of inflammatory cytokines [28,29]. Moreover,
many cross-sectional and prospective studies highlight a potential role of dietary carbohydrates in
increasing the risk or progression of AMD, even if simple sugars play the most significant role in
this context [30]. Their impact on the gut microbiota has recently been elucidated by Do et al. [31]:
the authors assigned six-week-old C57BL/6] mice to receive four distinct dietary regimes: normal
diet (ND), HFD, high-glucose diet (HGD), and high-fructose diet (HFrD). After 12 weeks, HFD- and
HFrD-fed mice showed significantly higher plasmatic levels of blood glucose, total cholesterol, LDL
and endotoxin than those of ND-fed mice. Moreover, HFD-, HGD- and HFrD-fed mice showed lower
microbial diversity (fewer operational taxonomic units and lower Shannon indices) than ND-fed
mice, with a lower abundance of Bacteroidetes and an increased abundance of Proteobacteria at
the phylum level, as well as an increase of the Desulfovibrio vulgaris species. These metabolic and
microbial differences were accompanied by a significant (2.5-fold greater) increase of gut permeability,
demonstrated by a high plasma fluorescein isothiocyanate (FITC)-dextran concentration and a reduced
expression of tight junction proteins, such as ZO-1 and Occludin. Consequently, the expression
of inflammatory cytokines (TNF-alpha and IL-1beta) in the colon was higher in HFD-, HGD- and
HFrD-fed mice than that in in ND-fed mice. This evidence suggests that a HGD and/or HFrD, as
well as a HFD, can shape the gut microbiota, increasing the Firmicutes-to-Bacteroidetes ratio and the
proportion of Proteobacteria, one of the best sources of lipopolysaccharides (LPS) [32]. Moreover, these
dietary regimens significantly alter gut permeability, boosting metabolic endotoxemia and systemic
inflammation through modulation of the gut microbiota. These changes were independent of body
weight gain, which occurred in HFD, but not in HGD and HFrD.

A recent experimental study by Rowan et al. [33] explored the link among HGD, the gut microbiota
and AMD in an animal model. To compare the effect on the RPE of the dietary glycemic load, the
authors divided C57BL/6] wild-type mice to receive a high-glucose (HG) diet or low glucose (LG)
diet for 12 months; half HG-fed mice were switched to the LG-diet after six months (HGxoLG mice).
Histological features of dry AMD, such as photoreceptor cell damage, subretinal deposits, RPE
vacuolation, hypopigmentation, thinning, and disorganization, were identified at the end of the study
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in the HG-fed diet but not in the LG-fed diet. Surprisingly, HGxoLG mice showed RPE features similar
to LG-fed mice. Moreover, differences were noted in the gut microbial and metabolomic composition:
LG-fed mice had similar amounts of Bacteroidetes and Firmicutes phyla, whereas HG-fed animals
harbored bacteria of unknown classification.

Moreover, the microbiome of HG-fed mice was enriched in Firmicutes and Clostridia, which
was related to a more advanced retinal damage score, whereas LG-fed mice showed an abundance of
the Bacteroidales and Eysipelotrichi classes, which are both associated with protection against AMD
features. Furthermore, the gut microbiota of HGxoLG-fed mice appears similar to that of LG-fed mice.
The proof of an active role of the gut microbiota in AMD was also demonstrated by the assessment
of microbial metabolites (serotonin, hippurate, tyrosine, and tryptophan), in which higher levels of
serotonin were associated with protection against retinal damage in a diet dependent-manner. This
study demonstrated a potential effect of an LG diet in reversing AMD features through modulation of
the gut microbiota, paving the way for a novel nutritional approach to AMD.

4. Micronutrients

The crucial role of the gut microbiota in AMD is not only explained by the macronutrient quality,
such as dietary habits; micronutrients also play an important role in shaping the gut microbiota, which,
in turn, is an efficient player in mediating their protective effects. Table 1 reports the main human
studies (case-control, cohort studies or randomized clinical trials) that have investigated the role of
micronutrient intake in AMD.

Several nutritional supplements have recently been shown to reduce the risk of progression
from early to late AMD [34]. The most important longitudinal studies to prove the effectiveness of
vitamins and micronutrients in preventing the worsening of AMD remain the AREDS and AREDS2,
which were both sponsored by the National Institutes of Health (NIH). The AREDS was an extensive,
randomized, placebo-controlled, multicentric study, which enrolled 3640 patients aged 55-80 years
with the diagnosis of AMD and followed the patients for a mean follow up of 6.3 years (1992-1998): the
authors showed a 28% reduced risk (odds ratio (OR) = 0.72; 99% confidence interval (CI) = 0.52-0.98)
of progression of AMD in patients who consumed a combination of high doses of vitamins C and E,
beta-carotene and zinc [35]. In the second trial, AREDS2, published in May 2013, omega-3 fatty acids, as
well as the antioxidants lutein and zeaxanthin (the major constituents of macular pigment, chemically
similar to beta-carotene) were investigated for an additive effect in reducing the progression of AMD.
The results did not show a further significant impact of these other micronutrients compared with the
AREDS formulation alone. However, the AREDS2 design was quite intricate, and a real placebo group
was not included. The authors concluded that lutein/zeaxanthin could be an appropriate beta-carotene
substitute for safety reasons (an increased incidence of lung cancer was identified in former smokers
in the beta-carotene group vs. no beta-carotene group), while the efficacy of omega-3 fatty acids
remained unclear [36]. A secondary, exploratory subgroup analysis of the AREDS2 study performed
a direct comparison of lutein/zeaxanthin vs. beta-carotene and showed a small yet significant risk
reduction in the development of late AMD (hazard ratio (HR): 0.82; 95% CI: 0.69-0.96; p = 0.02) and
neovascular AMD (HR: 0.78; 95% CI: 0.64-0.94; p = 0.01) in the lutein/zeaxanthin group. The authors
concluded that lutein/zeaxanthin could be more appropriate than beta-carotene in the AREDS-type
supplements [37].
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4.1. Vitamins C and E

Vitamin C is a potent antioxidant and a cofactor for many enzymatic reactions. Moreover, vitamin
E is considered the most effective scavenger of free radicals [58]. Vitamins C and E are non-enzymic
antioxidants that protect against oxidative stress, a significant contributory factor in the progression
of neovascular AMD [56]. Vitamin C is the most important water-soluble antioxidant in the human
body and the primary antioxidant in the eye. Vitamin C is present at high concentrations in the
cornea, central corneal epithelium, lachrymal film, vitreous humor and aqueous humor [59]. Vitamin E
comprises a group of essential eight lipid-soluble compounds, including tocopherols and tocotrienols,
capable of penetrating into cellular membranes through a hydrophobic side and donating a phenolic
hydrogen to reduce free radicals, thus preventing the propagation of ROS and the peroxidation of
cellular and subcellular membrane phospholipids. One of the primary therapeutic applications of
vitamin E is NASH (non-alcoholic steatohepatitis), a hepatic inflammatory syndrome sustained by
low-grade systemic inflammation and lipid peroxidation often associated with metabolic syndrome
and insulin-resistance [60]. Alpha-tocopherol is the most studied form of Vitamin E and has been
shown to reduce the biomarkers of total body oxidative stress and inflammation [61,62]. In contrast to
other water-soluble vitamins (i.e., thiamin, biotin, or folate) that, although they cannot be synthesized
de novo by our body, can be produced by the normal microflora of the large intestine, vitamin C
cannot be synthesized de novo in humans; however, it is obtained from dietary sources (fruits and
vegetables) via intestinal absorption with a Na+ dependent carrier-mediated process [63]. The main
vegetal sources of vitamin E include wheat germ oil, extra virgin olive oil, hazelnuts, and peanuts;
animal sources include fish, oysters, eggs, and butter.

An animal study on mice published in 1985 showed that ascorbic acid might play a role in
protecting the retina from oxidative insults by light. The retinas of rats that received ascorbate
supplement showed significantly lesser damage than the retinas of unsupplemented rats [64]. The idea
that vitamins C and E could have a protective effect for age-related retinal disease results from several
epidemiological and animal studies. In these studies, contradictory results are reported correlating the
intake of vitamin E or C and the prevention or reduction of the risk of AMD.

A recent case-control study conducted by Braakhuis et al. indicated that a higher intake of
vitamin C was associated with a reduced risk of oxidative stress-related eye diseases (OR: 0.63; 95% CI,
0.23-1.03; p = 0.022) [57].

Another case-control study that enrolled 161 neovascular AMD cases and 369 population-based
control subjects demonstrated that dietary intake of alpha-tocopherol and vitamin C was associated
with a reduced risk of neovascular AMD [56].

The Beaver Dam Eye study indicated a correlation between low vitamin E intake and developing
large drusen [65], whereas the Eye Disease Case-control Study Group did not identify a significant
interaction between the risk of AMD and vitamin E [38].

The reason for these contradictory results could be because four different tocopherols are available,
each with different biological activities and absorptions.

The Eye Disease Control Study reported that lower Vitamin C plasma levels were related to an
increased AMD risk. Moreover, high plasma concentrations were not protective, i.e., vitamin or total
vitamin C consumption was not associated with a statistically significantly reduced risk of AMD,
although a potentially lower risk of AMD was suggested [38]. Furthermore, the population cohort
Blue Mountains Eye Study showed a positive correlation between vitamin E intake and AMD with an
RR of incident late AMD for participants in the middle and highest tertiles of total vitamin E intake of
2.83 (95% CI, 1.28-6.23; p = 0.0099) and 2.55 (95% CI, 1.14-5.70; p = 0.022), respectively, compared with
the lowest tertile.

Therefore, the link between neovascular AMD and the consumption of vitamin C and vitamin E
(alpha -tocopherol) remains controversial, with some studies showing a significant relationship and
other studies indicating no relationship.
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The redox state strongly modulates the gut microbiota: the oxidative stress generated in a HFD
mouse model was found to alter the gut microbiota composition, increasing E. coli and Enterococcus
and decreasing Lactobacilli compared to those in the control group [66]. Altered expression of
anti-inflammatory pathways, such as superoxide dismutase (SOD), has been reported in inflammatory
bowel diseases (IBD) [67]. In IBD, there is an imbalance of the gut microbiota, with a decline in the
diversity of Firmicutes (a specific decrease in the Clostridium leptum groups, particularly Faecalibacterium
prausnitzii) and an increase of Proteobacteria (such as Enterobacteriaceae and specifically E. coli) [68].
Moreover, the relative abundance of Bacteroidetes is increased in Crohn’s Disease (CD) compared with
healthy controls [69].

Previous studies have indicated that both vitamins C and E are protective following mucosal
tissue damage in chemical-induced colitis models [70,71]. It has also been demonstrated that natural
antioxidants may regulate the gut microbiota composition by scavenging excessive free radicals and
supporting the cellular and humoral immune responses [72].

Recent findings in an animal model of ileal pouchitis suggest that an antioxidant diet, enriched in
vitamins C and E, selenium, and retinoic acid, may reshape the gut microbial community toward an
anti-inflammatory profile, mitigating mucosal inflammation. This capacity appears to be mediated by
an increase in the relative percent of Bacteroidetes and a decrease in Firmicutes at the phylum level,
with an overall increase in alpha-diversity (Shannon diversity index) [73]. This evidence is confirmed
by a human study conducted in pregnant women in the second trimester, which showed that higher
intakes of vitamin E were associated with a decrease in Proteobacteria and Firmicutes and an increase
in Bacteroidetes [74]. The association between micronutrient intakes, including Vitamins C and E, and
gut microbiota variations was furtherly assessed in a small group of free-living adults with stable
cystic fibrosis (CF): the authors found that vitamin C and E intakes were positively correlated with
Firmicutes and its lower taxa (i.e., Clostridium) and negatively associated with Bacteroidetes [75].
Clearly, the issue must be further elucidated, particularly at lower taxonomic levels; moreover, a recent
study conducted on iron-deficient infants and toddlers showed an increase of the relative abundance
of the genus Roseburia (phylum Firmicutes), a butyrate producer, in the group supplemented with iron
+ Vitamin E compared to that in the only iron-supplemented group [76].

A recent animal study conducted on early-weaned piglets explored the effects of an antioxidant
blend, including vitamins C and E, on the oxidative stress generated by weaning stress. The study
confirmed the antioxidant capacity of these micronutrients in scavenging free radicals and restoring the
gut microbiota microenvironment, increasing Lactobacillus and Bifidobacterium counts, and decreasing
E. coli counts in the gut environment [77]. However, the antioxidant property of these compounds
appears to be empowered by their synergistic effect, according to the so-called “antioxidant network
theory” [78].

4.2. Zinc

Zinc is a trace mineral responsible for the metabolism of nucleic acids, signal transduction, protein
folding, and gene expression. Zinc is involved as a cofactor in more than 300 enzymatic reactions
in vivo [79,80].

In the eye, zinc plays an important anti-oxidant role, and it is a cofactor of many active ocular
enzymes, including superoxide dismutase and catalase. Zinc can be found at high concentrations in
the human retina, RPE, and choroid; moreover, it is involved in the formation of electrical signals of
photoreceptors. Low levels of zinc are associated with poor night vision and the degradation of RPE
and photoreceptors [81].

Recent evidence indicates that zinc also has a close interaction with the complement system,
which may further represent an important factor in determining the beneficial effects in AMD [82].
Moreover, observational studies have suggested that individuals who eat a diet rich in antioxidant
minerals (selenium and zinc) may be less likely to develop AMD [83].
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In vitro studies have suggested that AREDS vitamins and zinc supplementation attenuate
angiogenesis and endothelial-macrophage interactions, thereby reducing the progression of AMD [84].
Finally, data from an animal model of light-induced retinal degeneration suggest that integration with
zinc induces changes in gene expression, as well as enhances the antioxidative power in the retina and
reduces the oxidative damage that arises from intense light exposure. [85].

A randomized, prospective trial [49] showed, after six months of treatment, an improvement of
visual acuity and contrast sensitivity and a shortening of the macular light flash recovery times in
patients who received zinc supplementation.

Several clinical studies have been designed to define the exact dose of zinc supplementation and
its beneficial effects. Experimental data [86] suggest that low amounts of zinc protect RPE cells in
culture from stress-induced effects, whereas higher amounts of zinc have the opposite influence. These
effects are dependent, in part, on the “health status” of the cells. It also appears that zinc-induced
death of RPE cells can be attenuated by compounds such as antioxidants (alpha-tocopherol, Trolox,
and metipranolol) or cellular energy substrates (pyruvate and oxaloacetate). Therefore, a combination
of zinc and antioxidants or energy substrates instead of zinc alone should represent a safer and more
effective treatment for diseases, such as AMD.

AREDS indicated that 80 mg of zinc oxide, alone or in combination with antioxidants, significantly
reduced the risk of progression to advanced AMD. AREDS2 showed that a low dose of zinc (25 mg)
instead of a high dose (80 mg) displayed no difference in the primary outcome of progression to late
AMD. The Blue Mountains Study, a population-cohort study, indicated a protective effect of dietary
zinc intake for early or any AMD with a potential threshold effect (>15.8 mg/day) [48].

Zinc is absorbed mainly in the small intestine as well as in the stomach and large intestine
via a non-specific, unsaturable diffusion-mediated mechanism and saturable carrier-mediated
component [79]. Zinc is indispensable for the growth of most organisms. The amount of zinc inside cells
is highly regulated, as too little zinc does not support growth, while too much zinc is toxic. Moreover,
numerous bacterial cells require zinc uptake systems for growth and virulence [87]. Considering that
the gut houses the majority of an individual’s microbes, in recent years, numerous animal studies
have been conducted with the aim of elucidating the impact of dietary zinc on the gut microbiota.
One study, which collected feces throughout a five-week time course of dietary zinc manipulation,
demonstrated that excess nutritional zinc alters the diversity and structure of the gut microbiota in
mice [88].

Another study, conducted on chickens, demonstrated that quantities of zinc in the gastrointestinal
tract are reduced in conventional chicks compared to limited-flora chicks, which suggests that the
microbiota affect the availability of this trace element [87].

A dramatic compositional and functional remodeling of the gut microbiota of Gallus gallus was
assessed under chronic zinc deficient conditions [89]. Another study on pigeons [90] showed different
effects of zinc-methionine supplementation on intestinal bacterial growth depending on the dosage:
an increase of Bacillaceae, Lactobacillus, Enterococcus and Bifidobacterium populations and a decrease of
Escherichia coli were identified at the dosage of 2 mg, whereas an overall lower count of Lactobacillus,
Enterococcus and Bifidobacterium populations occurred at the dosage of 10 mg. Further studies confirm
these data; Engberg et al. [91] showed that supplementation with zinc bacitracin significantly reduced
the number of coliform bacteria. Ren et al. [92] identified a significant increase in the amounts of
Lactobacillus and Bifidobacterium and a decrease in the amounts of E. coli, Staphylococcus and Enterococcus
in the feces of dogs supplemented with zinc- enriched probiotics compared to those in controls.

4.3. Carotenoids

Carotenoids are pigments responsible for the yellow, orange, and red colors of many fruits
and vegetables and are divided into two classes: xanthophylls (lutein, zeaxanthin and the isomer
meso-zeaxanthin) and carotenes (alpha-carotene, beta-carotene, and lycopene). Apart from the
carotenoids present in major foodstuffs (e.g., melon, carrots, eggs, shrimps, lobsters, and salmons),
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the human diet includes carotenoids from spices such as saffron, paprika, and annatto. Due to their
intense orange to red colors, carotenoids are also widely used as colorants in the food-processing
industry [93].

The bioavailability of carotenoids can be influenced by dietary and phytological factors, according
to the different species of carotenoids, and depending on the molecular linkage, amount of carotenoids
consumed in a meal, effectors of absorption and bioconversion, nutrient status of the host, genetic
factors, host-related factors, and interactions [94].

The mechanism of carotenoid absorption starts with the mechanical and enzymatic disruption
of the food matrix followed by their emulsification and micellization in the intestinal lumen. The
mixed micelles are absorbed by the small intestinal epithelium (enterocytes) through simple diffusion.
However, studies have suggested the existence of receptor-mediated transport of beta-carotene and
lutein in the apical membrane of enterocytes [95-97].

4.3.1. Beta-Carotene

Carotenoid supplementation can prevent and reduce the risk of AMD and other ocular
diseases [98]. Carotenoids are potent antioxidants that able to reduce the systemic oxidative stress
that influences the macula. Alpha-carotene, beta-carotene, and lycopene have been found in human
RPE and choroid to protect these tissues against light-induced oxidative damage and locally produced
free radicals.

Several studies have shown that carotenoids are widely used to treat oxidative stress-induced
ocular diseases, such as AMD and cataract [40,99-101].

The retinal content of macular carotenoids is inversely associated with the incidence of
AMD [102,103]. Moreover, clinical studies have shown that carotenoid supplementation can improve
visual performance in some subjects [46,55,104].

The original AREDS formula containing beta-carotene has been demonstrated to reduce the
progression to advanced AMD. However, when lutein/zeaxanthin replaced beta-carotene in the
original AREDS formulation, an increase in efficacy was observed [105].

The initial enthusiasm for supplementation with beta-carotene was tempered by the emergence
of evidence that high doses of beta-carotene (30 mg daily) could be harmful in smokers, causing an
increase in the incidence of lung cancer. This side effect does not occur in non-smokers or when the
carotenoid is administered in lower doses. Therefore, it is recommended to avoid supplementation
with beta-carotene in smokers with AMD.

The question of whether beta-carotene has protective or harmful effects on AMD remains
to be clarified. A recent case-control study indicated a protective association between dietary
intake of beta-carotene and oxidative stress-related eye diseases (OR: 0.56; 95% CI, 0.15-0.98;
p = 0.007) [57]. However, contradictory results originated from the Blue Mountains Study, which
showed a significantly positive correlation between beta-carotene dietary intake and AMD (R: 1.36;
95% CI, 1.02-1.81 per 1-SD increase; p = 0.039), with a significant trend across increasing tertiles of
dietary beta-carotene intake. [48].

Nevertheless, it remains clear that beta-carotene represents a protective agent against a variety of
other chronic diseases or cardiovascular diseases.

The previously described study on patients affected by CF showed that high intakes of
beta-carotene were negatively correlated with Bacteroidetes and positively correlated with Firmicutes
and their lower taxa (e.g., Clostridium). It is plausible that antioxidant vitamin (such as beta-carotene)
supplement may counteract the impact of increased oxidative stress on gut bacterial members [75].

A study conducted to identify functional alterations of the gut metagenome related to
symptomatic atherosclerosis suggests that high levels of beta-carotene in the serum of healthy controls
could be due to the potential production of this anti-oxidant by the gut microbiota [106]. Even if
poor data are available on this topic, it is plausible to suggest that the anti-inflammatory effects of
beta-carotene are also mediated by the gut microbiota or its transformation to Vitamin A.
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4.3.2. Lutein and Zeaxanthin

Lutein, zeaxanthin and the isomer meso-zeaxanthin are the predominant carotenoids and belong
to the class of xanthophylls which accumulate in the retina and are constituents of the retinal macular
pigment (MP) [107]. Lutein and zeaxanthin play a pivotal role in maintaining the morphology and
function of the macula, displaying their antioxidant activity through the absorption of damaging blue
light, neutralization of photosensitizers and active oxygen species, and scavenging of free radicals [108].

In the retina, meso-zeaxanthin can be found in the center, zeaxanthin in the mid-periphery and
lutein in the periphery of the macula [109].

Lutein is a potent antioxidant: high dietary intakes enhance immune function and also reduce the
risk of developing chronic diseases, such as cancer and cardiovascular diseases [110]. Moreover, studies
have shown that a supplement containing lutein, zeaxanthin and blackcurrant extract has beneficial
effects on visual functioning [39], and high MP provides protection against the development of many
retinal diseases, particularly AMD; in contrast, low MP increases the risk of these diseases [53,111].

Most vegetables (spinach, kale, lettuce, asparagus, and broccoli) and pistachio nuts contain only
lutein, whereas corn and eggs contain both lutein and zeaxanthin. Fat consumption (i.e., a salad
dressing, extra virgin olive oil or whole eggs) together with carotenoid intake have been shown to
increase the absorption and bioavailability of some carotenoids, such as lutein [112].

Xanthophylls (lutein, zeaxanthin, and meso-zeaxanthin) seem to be more easily released from the
food matrix and more efficiently micellized than carotenes, such as beta-carotene, and then absorbed
by intestinal cells. [113].

The roles of lutein and zeaxanthin have been investigated in cohort studies, case-control
studies and clinical trials. Overall, evidence [44,47,52] suggests a significant association between
lutein/zeaxanthin intake and risk reduction for advanced AMD, both neovascular AMD and
geographic atrophy, while the correlation with early AMD is unclear.

Evidence also suggests that lutein/zeaxanthin intake may have a protective effect against AMD
in patients with a high genetic predisposition [114]. The Carotenoids in Age-Related Eye Disease
Study (CAREDS) trial indicates that specific genes related to xanthophylls are associated with the
development of AMD: in particular, nine genes were found to be associated with AMD, seven of which
were associated with either lutein/zeaxanthin levels in the serum and macula [115].

In the Rotterdam Study [51] and the Blue Mountains Eye Study [48], high dietary intakes of
lutein/zeaxanthin reduced the risk of early AMD among participants at a high genetic risk; no similar
association was identified for individuals with a low genetic risk.

The macular pigment optical density (MPOD) is a measure of the attenuation of blue light by the
macular pigment; therefore, it is correlated with the amount of lutein/zeaxanthin in the macula.

An increased intake of lutein and zeaxanthin through diet or supplementation has been
demonstrated to increase MPOD levels, improve visual function, and reduce the risk of age-related
eye diseases [116].

An important clinical trial evaluating the impact of lutein on MPOD is the Lutein Antioxidant
Supplementation Trial (LAST) [39]. The results of this study show that MPOD can be modulated
in patients with AMD. Moreover, the visual acuity, visual function, photo-stress recovery time,
and contrast sensitivity were significantly improved in the group that received 10 mg of lutein
plus antioxidants compared to placebo or lutein alone. A meta-analysis published in 2016, which
analyzed 20 randomized controlled trials, confirmed the significant benefits of lutein, zeaxanthin
and meso-zeaxanthin supplementation on MPOD in AMD patients and healthy subjects with a
dose-response relationship [117].

The Blue Mountains Study, based on a cohort of 3654 Australian patients, indicated that
participants within the top tertile of dietary intake of lutein and zeaxanthin (>942 g/day) compared
with the remaining population were significantly less likely to develop neovascular AMD (RR: 0.35;
95% CI, 0.13-0.92; p = 0.033), and individuals above the median (743 g) were also less likely to develop
indistinct soft or reticular drusen (RR: 0.66; 95% CI, 0.48-0.92; p = 0.013) [48].

176



Nutrients 2018, 10, 1677

The AREDS?2 [36] study and its previously described secondary analysis [37] confirmed the role
of lutein/zeaxanthin in reducing the risk of late AMD and neovascular AMD.

A dominant population of Bifidobacteria and Lactobacilli in the gut microbiota has been associated
with many benefits on human health, such as the inhibition of gut pathogens [118], prevention of colon
cancer [119], synthesis of vitamins and enhancement of the immune system [120].

In 2013, a phytotherapy study on humans [121] identified two products, composed of blackcurrant
extract powder, lactoferrin, and lutein, as good prebiotics that significantly promoted the growth
of Bifidobacteria and Lactobacilli and reduced other bacteria populations, such as Bacteroides spp and
Clostridium spp. Moreover, these compounds were also demonstrated to decrease the activity of
beta-glucuronidase, an enzyme involved in colorectal carcinogenesis [122].

4.4, Vitamin D

Vitamin D exists in two primary forms: vitamin D2 (ergocalciferol), derived from plants, and
vitamin Dj3 (cholecalciferol), derived from animal sources (animal fats, eggs, and fish oil). An essential
source of vitamin D3 in humans derives from skin exposure to sunlight (ultraviolet radiation, UV-B),
by photolysis of 7-dehydrocholesterol. Once assumed or produced by the skin, vitamin D must be
activated by two necessary hydroxylation processes in the liver (25(OH) hydroxylation) and kidneys
(1,25(0OH), hydroxylation).

Vitamin D is a secosteroid, which acts as a steroid hormone by binding to the vitamin D receptor
(VDR) and activating the transcription of genes involved in mineral and bone homeostasis, cell
proliferation, differentiation, and apoptosis. Another mechanism of action is the non-genomic pathway,
which involves secondary messengers and cytosolic kinase systems in target cells expressing specific
receptors on the cellular membrane. Vitamin D is well known for its role in bone mineralization via
phosphorus and calcium homeostasis. However, the VDR is ubiquitously expressed in other body
tissues, such as intestinal, immune, endothelial and smooth vascular cells [123,124]. Moreover, vitamin
D has also been investigated for its role in the regulation of immune function, inflammation, control of
cell proliferation and apoptosis; potential inverse associations between vitamin D and chronic diseases
(cardiovascular, autoimmune and cancer diseases) have thus been suggested [125,126].

More recently, a role of vitamin D in AMD has been proposed: VDR and the renal hydroxylases
involved in Vitamin D metabolism (CYP27B1 and CYP24B1) have been found in the retina, RPE,
and choroid [127-129]. In these tissues, vitamin D may act as a paracrine/autocrine hormone,
thereby regulating oxidation, inflammation and angiogenesis. A recent review by Layana et al. [130]
exposed several plausible mechanisms of action of vitamin D on AMD pathophysiology: protection
against oxidative stress due to the generation of free ROS and lysosomal enzymes; possible
inhibition of amyloid beta protein deposits, considered a primary activator of the complement
cascade and inflammation; suppression of pro-inflammatory cytokines secreted by macrophages
and microglia; and inhibition of angiogenesis, mediated by the inhibition of the transcription
of hypoxia-inducible factor (HIF-1), induction of endothelial cell apoptosis and inhibition of the
production of metalloproteinase, MMP-9.

One potential role of vitamin D deficiency in AMD is supported by many observational,
cross-sectional and case-control studies, which correlated serum vitamin D levels or dietary vitamin
intake with the risk of early or late AMD, although the present studies are heterogeneous and
prospective studies are currently lacking [130]. However, although there is no robust evidence of a
causal role of vitamin D deficiency in AMD pathogenesis, a protective role of vitamin D against chronic
retinal inflammation should be considered in dietary programs and future studies.

A pivotal role in low-grade systemic inflammation, a constant of all chronic inflammatory diseases,
is exerted by the gut permeability. Prolonged inflammatory dietary habits and dysbiosis may lead to a
leakage of the gut barrier, potential disruption of the blood—brain barrier, and neuroinflammation [131].
Vitamin D promotes a gut barrier function that protects the integrity of the intestinal barrier. Its
actions range from the regulation of tight junction proteins to the suppression of gut epithelial cell
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apoptosis and the stimulation of the expression of antimicrobial peptides, such as defensins and
cathelicidin, by epithelial cells and monocytes. Furthermore, it regulates gut immunity toward
an anti-inflammatory pattern, inhibiting pro-inflammatory Th-1 and Th-17 cells and stimulating T
regulatory cells in ulcerative colitis (UC). The VDR is highly expressed in the intestine, and a low VDR
expression or dysfunction is frequently found in patients with IBD. Moreover, a vitamin D deficiency
has been correlated with disease activity, inflammation and clinical relapse in IBD [132]. Vitamin D was
recently found to regulate gut permeability and the gut microbiota composition from the embryonal
age [133,134].

Recent human studies support the evidence of a gut microbiota modulation by Vitamin D.
A cross-sectional study, which investigated the association between vitamin D intake and the gut
microbiota composition in healthy subjects, found that individuals in the highest vitamin D intake
group had more abundant Prevotella and less abundant Haemophilus and Veillonella species [135]. An
interventional human study indicated that high dose vitamin D supplementation promotes a shift
in the gut microbiota on the upper intestinal tract, increasing the bacterial richness and decreasing
Gammaproteobacteria [136]. The effect of vitamin D intake on modulation of the gut microbiota is
mainly found in inflammatory diseases, such as UC and CD, where its administration seems to reduce
intestinal inflammation and increase the abundance of several beneficial bacterial strains [137,138]. In
another model of inflammatory disease, CF, vitamin D-insufficient CF patients were found to harbor
numerous, potentially pathogenic species compared with vitamin D-sufficient CF patients in the gut
and airway microbiota. The same study randomized vitamin D-insufficient patients to receive vitamin
Dj or placebo. After 12 weeks of treatment, the Lactococcus species were enriched in patients who
received vitamin D3, whereas Veillonella and Erysipelotrichaceae were significantly enriched in patients
treated with placebo [139]. Taken together, these preliminary results show a potential beneficial effect
of vitamin D on the systemic inflammatory status through enforcement of the gut barrier and positive
modulation of the gut microbiota. This evidence could potentially be found to support the AMD model
given the recent findings of Andriessen et al. [16]. However, this hypothesis should be confirmed by
further studies.

4.5. Omega-3 Fatty Acids

Several studies have shown that the supplementation of omega-3 polyunsaturated fatty acids
(PUFAs) provides multiple health benefits against different chronic degenerative diseases, such as
cardiovascular diseases [140], rheumatoid arthritis [141], IBD [142], depression [143] and cancer [144].

The omega-3 PUFAs eicosapentaenoic acid (EPA; C20:5 w3) and docosahexaenoic acid (DHA;
(C22:6 w3) are the two main bioactive forms in humans. These fatty acids can be synthesized from the
dietary precursor, an essential fatty acid, linolenic acid (ALA, C18:3), even if the synthesis pathway is
quite complex, and dietary uptake of EPA and DHA-rich foods (seafood sources, such as sardines or
salmon, nuts and seeds) is recommended. However, EPA and DHA are widely used as nutritional
supplements, often as nutraceuticals.

Aging is characterized by an increase in the concentration of some pro-inflammatory molecules
in the circulation, a phenomenon that has been termed “inflammaging” [145,146]. Low-grade
inflammation (LGI) is associated with the age-related decline of many functional systems and increased
risks of ill-health, poor well-being and mortality.

Controlling LGI could prevent or reduce the age-related functional decline associated with mental
health and wellbeing as well as retinal health. The human retina contains lipid profiles enriched in
long-chain polyunsaturated fatty acids (LC-PUFAs) and very long-chain polyunsaturated fatty acids
(VLC-PUFAs) that are essential for regular retinal structure and function [147].

Epidemiological, clinical and experimental studies show that dietary omega-3 PUFAs (DHA and
EPA) are associated with a reduced incidence of AMD and have a protective role in AMD progression.
A randomized prospective study, the Nutritional AMD Treatment-2 (NAT-2) trial, demonstrated
that patients who achieved red blood cell membrane EPA /DHA levels were significantly protected
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against AMD compared with the placebo group, having low levels of EPA/DHA [43,54]. The Eye
Disease Case-Control Study in the US demonstrated that a higher intake of omega-3 fatty acids is
inversely associated with AMD (OR: 0.55; 95% CI, 0.32-0.95). Moreover, the reduction in the risk of
AMD with a higher intake of omega-3 fatty acids was primarily identified among subjects with a
linoleic acid intake (an omega-6 fatty acid) below the median (p < 0.001) [41]. The Blue Mountains
Eye Study also demonstrated a protective effect of high fish consumption in reducing the risk of
incidence of late AMD in individuals in the most top quintile of intake [42]. Other studies report
a lower risk of developing central geographic atrophy and neovascular AMD in individuals who
consume higher levels of EPA/DHA [45,50]. These findings are in contrast with those of the AREDS2
study, concluding that the addition of DHA + EPA to the original AREDS formulation (vitamin C,
vitamin E, beta-carotene, zinc, and copper) did not further reduce the risk of progression of AMD.
However, one potential explanation is that the design, setting intake or subjects of AREDS2 did not
permit an adequate expression of the prophylactic potential of omega-3 PUFA.

Furthermore, many studies have demonstrated that increased levels of omega-3 fatty acids in the
diet do not prevent or slow the progression of AMD in accordance with the AREDS 2 trial [148].

Summing up the current evidence, beneficial effects on macular physiology and protection against
degeneration can be assumed considering the extraordinarily high concentration of long-chain-PUFAs
in retinal cell membranes. In general, epidemiological studies support the recommendation that a
dietary fatty fish intake (e.g., salmon, tuna sardine, mackerel, and trout) or fish oil supplements are
associated with a lower risk of AMD; however, it is prudent to advise patients of the actual scientific
uncertainty regarding their real effectiveness.

Different bacterial taxa modulate immune functionality toward a pro or anti-inflammatory pattern.
Thus, the composition of the microbiota community determines, in part, the level of resistance
to infection and susceptibility to inflammatory diseases. A reduction of healthy bacteria, such as
Lactobacilli and Bifidobacteria, has been associated with many metabolic disorders, such as cardiovascular
diseases, diabetes, and obesity, all associated with metabolic endotoxemia, due to lipopolysaccharides
(LPS) translocation across the intestinal epithelium and systemic inflammation. Many of these
conditions are elicited by a high-fat diet or Western dietary patterns, decreasing Bacteroidetes and
increasing both Firmicutes and Proteobacteria [149].

High (saturated) fat diets also promote the blooming of endotoxin-producing and sulfate-reducing
bacteria, such as Bilophila wadsworthia (Proteobacteria phylum), associated with mucus layer
degradation, low-grade inflammation and insulin-resistance [150,151]. In contrast, a fish oil-based
diet has been demonstrated, in a murine model, to promote Lactobacillus and Akkermansia muciniphila
blooming, associated with reduced inflammation and gut barrier improvement [152]. Several human
studies have shown that EPA- and DHA-enriched diets may restore the Firmicutes/Bacteroidetes ratio,
boosting Lachospiraceae taxa, resulting in an increased SCFA synthesis [153,154]. The improvement of
the gut intestinal barrier is also reported by a human study showing a direct correlation between a
higher total intake of omega-3 PUFA and lower serum zonulin concentration, a protein of intestinal
tight junctions, for which serum levels are the hallmark of chronic low-grade inflammation and leaky
gut [155]. The impact of PUFA on the gut microbiota composition appears to be crucial from the time
of gestation and early life; moreover, a reduction of omega-3 PUFA in the maternal diet has been
associated with a significant depletion of Epsilonproteobacteria, Bacteroides, and Akkermansia and a
higher relative abundance of Clostridia in offspring [156]. For further investigations on the impact of
omega-3 PUFA on the gut microbiota, we refer the reader to a comprehensive review of the literature
by Costantini et al. [157]. Recently, a model of transgenic mice that exhibited an endogenously high
omega-3 PUFA tissue content and a lower omega-6 to omega-3 PUFA ratio (fat-1 mice) has been
demonstrated to maintain a lean phenotype compared with the wild-type counterpart (WT-mice), even
when fed a high fat/high sucrose diet. At the basis of these results, there is a lower gut permeability,
as shown by the ZO-1 immunostaining (higher in transgenic mice) and the plasma LPS concentration
(assessed by liquid chromatography-tandem mass spectrometry), which is lower in fat-1 mice that had
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low plasma LPS concentrations. The authors also identified several differences in the gut microbiota
composition between the two models, with a significantly higher diversity level and a more abundant
population of Verrucomicrobia phylum (Akkermansia genus) in fat-1 mice than in WT mice. More
interestingly, WT mice colonized with fat-1 fecal microbiota exhibited a significant improvement in
glucose tolerance, a lower total weight gain than their WT counterparts, and a reduction of intestinal
permeability, comparable to fat-1 mice, after transplantation with fat-1 fecal microbiota [158]. This
evidence highlights the role of -3 PUFA in modulation of the gut microbiota, thus opening new horizons
in the treatment of metabolic and inflammatory diseases linked to leaky gut, such as inflammatory
bowel disease, diabetes, obesity, cancer, neuropathologies and, likely, AMD.

5. Conclusions and Future Perspectives

AMD is an invalidating disease with an increasing incidence due to the higher prevalence of
elderly individuals in Western countries. Currently, there are few treatments available to manage
its course.

Many observational studies have shown the potential role of micronutrient supplementation in
lowering the risk of progression of the early stages of AMD. Moreover, an animal model highlighted
the role of high-fat and high simple-sugar diets on the development of AMD through a derangement
of the gut microbiota that leads to systemic low-grade inflammation. Furthermore, recent evidence
indicates a strict interaction between the gut microbiota and retina that is referred to as the “gut-retina
axis”. A better understanding of the mechanisms that underlie this connection may help clinicians
to prompt new models of personalized care of AMD based on the promotion of healthy nutritional
habits and adequate micronutrient intake. These practices could modulate the gut microbiota toward
a reduction of dysbiosis, leaky gut and LGI and, consequently, retinal damage. Further studies are
required to elucidate whether modulation of the gut microbiota through dietary interventions can
delay the course of this frequent disease in the clinical setting.
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Abstract: Cataract is an eye disease with clouding of the eye lens leading to disrupted vision,
which often develops slowly and causes blurriness of the eyesight. Although the restoration of the
vision in people with cataract is conducted through surgery, the costs and risks remain an issue.
Botanical drugs have been evaluated for their potential efficacies in reducing cataract formation
decades ago and major active phytoconstituents were isolated from the plant extracts. The aim
of this review is to find effective phytoconstituents in cataract treatments in vitro, ex vivo, and
in vivo. A literature search was synthesized from the databases of Pubmed, Science Direct, Google
Scholar, Web of Science, and Scopus using different combinations of keywords. Selection of all
manuscripts were based on inclusion and exclusion criteria together with analysis of publication year,
plant species, isolated phytoconstituents, and evaluated cataract activities. Scientists have focused
their attention not only for anti-cataract activity in vitro, but also in ex vivo and in vivo from the
review of active phytoconstituents in medicinal plants. In our present review, we identified 58 active
phytoconstituents with strong anti-cataract effects at in vitro and ex vivo with lack of in vivo studies.
Considering the benefits of anti-cataract activities require critical evaluation, more in vivo and clinical
trials need to be conducted to increase our understanding on the possible mechanisms of action and
the therapeutic effects.

Keywords: cataract; phytoconstituents; lens; preclinical models; drug discovery

1. Introduction

The ocular lens is located at the anterior segment of the eye that, together with the cornea, provides
the refractive power of the eye. The mature lens is composed of a core of primary lens fiber cells, layers
of secondary lens fiber cells, and one layer of anterior lens epithelial cells, which covers the anterior
surface of the lens [1]. The major function of the lens is to maintain transparency so that the light can be
properly focused on the retina. Unfortunately, the delicate balance required for lens transparency can
be easily disturbed by oxidative stress, aging, and UV radiation, and cataracts develop as a result [1].

Cataracts are the most common cause of vision loss in people over the age of 40 and are the
leading cause of blindness in the world [2]. Cataracts are defined as lens opacification that prevents a
sharply defined image from reaching the retina. As a result, cataract patients have clouded, blurred, or
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dim visions, which significantly affect their daily life. According to a report from the World Health
Organization, nearly 40 million people are blind worldwide, almost half of them are due to cataract [3].
Although cataract-related vision loss can be corrected by replacement with synthetic lenses, cataract
surgery is a costly procedure and may develop complications like infectious endophthalmitis, posterior
capsule rupture during surgery, post-operative macular edema, and posterior capsule opacity (also
called posterior capsule opacification). In developing countries, many cataract patients cannot have
their vision restored due to financial concerns or lack of medical resources. Therefore, identifying a
safe compound that can reduce the incidence or delay the onset of cataract is an important step in
finding new treatments for cataract.

There have been many compounds evaluated for their potential efficacies in reducing cataract
formation. In this article, we focus on active ingredients derived from plants. Phytoconstituents
are a trove of often structurally complicated compounds with interesting biological functions.
They themselves or their derivatives have always been important sources of pharmacologically active
agents. To provide a comprehensive review of potentially useful anti-cataract phytoconstituents,
we searched, selected, and extracted the appropriate information from published literature according
to the following procedures. We feel that, by listing the comprehensive collection of phytocontituents
in one place, this manuscript serves as an overview and perhaps an inspiration to prompt additional
studies in this important research area. Collaborative efforts between phytochemists and cataract
researchers are promisingly fruitful.

2. Materials and Methods

2.1. Literature Search

Literature search of articles published from January 2008 to December 2017 was performed.
We searched the databases of Pubmed, Science direct, Google Scholar, Web of Science and
Scopus using different combinations of keywords: lens epithelial cells, sodium selenite-,
ultraviolet radiation-, steroid induced, oxygen-, HyO,-induced opacity/cataract, congenital /juvenile
cataract, transgenic/knockout mice with cataract, diabetic cataract, spontaneous cataract, isolated
phytoconstituents, medicinal plants.

2.2. Study Selection

The selection of the manuscripts was based on the following inclusion criteria: isolation
of phytoconstituents from plants, and selection of phytoconstituent(s) with the most
potent anti-cataractogenesis activities. Exclusion of manuscripts from this review involves
synthesized /commercialized compounds, phytoconstituents screening without isolated compounds,
activities with extracts only and isolated phytoconstituents without names or articles that did not meet
the inclusion criteria. The selection process is summarized in Figure 1.
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Figure 1. Flow chart of review process in article selection.
2.3. Data Extraction

All the selected manuscripts were analyzed for year of publication, plant species, family, part of
plant, solvent extraction, isolation method, isolated phytoconstituents, anti-cataract activities (in vitro,
ex vivo or in vivo), route of administration (in vivo), dose or concentration for ICs, treatment duration
(in vivo) and isolated phytoconstituent(s) with the strongest activity(s), as well as their structural
formula. The extracted data are presented in Tables 1 and 2 throughout this article.

3. Results

3.1. Experimental Cataract Models

There are a large number of in vitro and in vivo models that mimic certain aspects of the
pathophysiological features of human cataracts. They have been used to demonstrate the potential
therapeutic effects of phytochemicals. In this section, we describe the most commonly used models
in order to aid the understanding and appraisal of results. During our literature search, most of the
phytochemicals were tested in in vitro or ex vivo models only. Only a dozen or so were assessed in
in vivo cataract models. Nevertheless, for completion’s sake, we list both in vitro and in vivo models.
In vitro models discussed are hydrogen peroxide (H,O,)-, xylose-, galactose-induced lens opacity,
aldose reductase (AR) activity assay, and advanced glycation end products (AGE) formation. In vivo
models include sodium selenite-, ultraviolet (UV) radiation-, and steroid-induced cataracts. These
models have been widely used to study the mechanisms of cataract and serve as the screening platform
of anti-cataract therapies with the long-term goal to treat cataract in humans.

3.2. In Vitro Models
3.2.1. Oxidative Stress Model

H,0,-Induced Cataract

It is widely accepted that oxidative stress is the major factor for the development of cataracts.
Hydrogen peroxide (H,0,) is the major reactive oxygen species (ROS). H,O, is mainly generated
in vivo by the detoxification of superoxide (O, ™) radical by superoxide dismutase (SOD) through the
dismutation reaction [4,5]. Alternatively, H;O, can be produced by a number of oxidase enzymes
including monoamine oxidases and peroxisomal pathway for 3-oxidation of fatty acids. In the lens,
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H,0; can also be generated by the photochemical reaction [4]. Most human tissues, including the lens,
are exposed to some level of HyO,, with the mitochondria being the major site for production. Previous
studies have shown the strong association between H,O, overproduction and cataract development.
Cataract patients had elevated H,O; in both the aqueous body and lens ranging from seven- to
30-fold higher than normal [5]. Lens organ ex vivo culture with H,O, in the medium is a common
experimental model of cataract. This type of cataract is characterized by loss of GSH and increased
protein oxidation. To establish the model, rat or porcine lenses are dissected and cultured in TC-199
medium containing 200 to 1000 uM H,O, with final osmolarity of 298 + 2 mOsm/L. The lens are
usually harvested after 24 to 96 h to induce cataracts [6,7].

3.2.2. Diabetic Cataract

Cataract is a major cause of visual impairment in patient with diabetes mellitus. Both clinical and
basic research studies have indicated the strong association between diabetes and cataract formation [8,9].
The molecular mechanisms that may be involved in diabetic cataract include polyol pathway flux,
increased formation of AGEs, osmotic stress, and elevated oxidative stress.

Aldose Reductase (AR) Activity

The polyol pathway, also known as sorbitol-AR pathway, is a two-step process that converts
glucose to fructose. AR, the first and rate-limiting enzyme in the pathway, reduces glucose to sorbitol
using nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor. Sorbitol is then converted
to fructose by sorbitol dehydrogenase (SDH) [10]. As a sugar alcohol, sorbitol does not diffuse
across cell membranes readily. When accumulating intracellularly, it produces osmotic stress on cells
by driving water into the lens that may eventually cause diabetic cataract. Therefore, one of the
possibilities to prevent the onset of diabetic cataract is to use AR inhibitor (ARI) [11]. The in vitro ARI
assay was used to evaluate if the compound can inhibit the polyol pathway. Briefly, the reaction mixture
contains 50 uM potassium phosphate buffer pH 6.2, 0.4 mM lithium sulfate, 5 uM 2-mercaptoethanol,
10 uM DL-glyceraldehyde, 0.1 uM NADPH, and freshly-prepared AR enzyme. The reaction is initiated
by the addition of NADPH at 37 °C. The AR activity is determined indirectly by a spectrophotometer
that measures NADPH absorption [10].

Xylose-Induced Lens Opacity

Another in vitro diabetic cataract model is xylose-induced lens opacity. Glucose, galactose, and
xylose are all known to induce cataract. Among these three sugars, xylose is the most effective molecule
in producing cataracts due to the fact that it is the preferred substrate of AR in the lens. Kinoshita
and colleagues first established xylose-induced lens in 1974 [12]. They cultured rat lenses in 4 mL of
medium containing 30 mM xylose for six days. They observed a progressive development of lens
opacity accompanied by increased osmotic stress and lens swelling [12].

Galactose-Induced Lens Opacity

Compared with glucose, galactose has higher affinity with AR and its reduction product galactitol
is more difficult to be metabolized by sorbitol dehydrogenase than sorbitol. Therefore, high galactose
is more likely to induce sugar cataract than high glucose itself [13]. There are several methods available
to establish galactosemic cataract. For example, rat galactosemic cataract can be induced by 30%
or 50% galactose diet. Glactose-induced lens opacity can also be achieved by daily intraperitoneal
injection of 30-50% galactose solution or daily retrobulbar injection of 20% galactose solution. Another
cost efficient way to induce galactosemic cataract is to feed rat 10% galactose solution for 18 days.
For in vitro lens culture, 30 mM galactose is added in the culture medium for 72 h incubation [13].
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Formation of Advanced Glycation End (AGE) Products

Another important factor that is involved with the pathogenesis of diabetic cataract is the
formation of AGEs. In diabetic patients with cataract, the elevated glucose starts forming covalent
adducts with the lens proteins through a non-enzymatic process called glycation [14,15]. This process
is known as one of the most important forms of post-translational modification of proteins under
hyperglycemic conditions. Many studies have shown that protein glycation-induced AGEs play a
pivotal role in diabetic cataract formation. Therefore, AGE formation assay is used to examine the
potential anti-cataract potential of tested compounds. To determine the amount of AGEs, a reaction
mixture containing 10 mg/mL of bovine serum albumin and 0.5 M fructose and glucose are mixed
with tested compounds. After 15 days of incubation, the fluorescent intensity is measured using a
spectrofluorometric detector with an excitation wavelength of 350 nm and an emission wavelength of
450 nm [16,17].

3.3. In Vivo Models

Commonly used in vivo models represent specific pathogenesis aspects of human cataract.
For example, the diabetic cataract rodent model focuses on mechanisms involved in diabetes-related
cataract; selenite-induced cataract addresses oxidative damage-induced cataract; the UV- and
steroid-induced models represent their respective associated pathological changes. In various studies,
drug effects in these in vivo models correlate well with the pharmacodynamics properties shown in
appropriate in vitro models.

3.3.1. Diabetic Cataract

The in vivo diabetic cataract model can be established by using streptozotocin (STZ). After
intraperitoneal (i.p.) or intravenous (i.v.) injection, STZ enters the pancreatic 3-cell through the glucose
transporter 2 transporter (Glut-2) resulting in hyperglycemia [16]. Moreover, STZ is also a source
of free radicals that may lead to DNA oxidative damage and subsequent 3-cell death. STZ can be
administered as a single high dose (e.g., 160 to 240 mg/kg) or as multiple low doses (e.g., 40 mg/kg
for 5 days) [18].

Another commonly used diabetic cataract model is AR transgenic mice. The ubiquitous transgenic
and lens-specific AR transgenic mice were developed to further prove that polyol accumulation is
responsible for diabetic cataract. In both models, sorbitol accumulates in the lens, causing osmotic
swelling, and eventually leading to accelerated diabetic cataract formation [10,19].

3.3.2. Selenite-Induced Cataract

Selenite-induced cataract is an effective, rapid, and reproducible model of nuclear cataracts.
Selenite cataract is usually produced either by a single dose (19-30 uM/kg body weight) or repeated
smaller dosage of sodium selenite (40-50 nmol/g body weight) subcutaneous injection to suckling rat
of 10-14 days of age [20]. It has been proposed that selenite treatment leads to altered metabolism in
lens epithelium, including loss of small antioxidant molecules such as glutathione (GSH), decreased
rate of epithelial cell differentiation, and increased DNA oxidation damage. Such extensive alterations
to the epithelium leads to disrupted calcium homeostasis and calcium accumulation in the nucleus
of the lens. Increased calcium activates calcium dependent protease m-calpain (calpain II) which
results in rapid proteolysis, precipitation of crystallins, and eventually cataract development in rodent
lenses [21,22].

3.3.3. UV-Induced Cataract

UV radjiation is a major contributor to the pathogenesis of cataract. The strong energy in the
UV light can directly cause a DNA lesion in the lens by inducing thymine dimer formation. More
importantly, UV can induce cataract formation by the generation of ROS that indirectly induce oxidative
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damage to DNA by disturbing cell proliferation in the lens epithelium, altering kinetic properties
of enzymes in the energy metabolism, increasing insoluble and decreasing soluble protein, and
disturbing the sodium potassium balance, leading to aberrant water balance in the lens [23]. It has been
widely accepted that cataract formation is related to oxidative stress induced by continued intraocular
penetration of UV light and consequent photochemical generation of ROS such as superoxide and
singlet oxygen and their oxidant derivatives such as hydrogen peroxide and hydroxyl radical [24].
Sprague-Dawley rats or mice are exposed to 8 k] /m? UV-B radiation for 15 min to induce cataracts [25].

3.3.4. Steroid-Induced Cataract

As the steroid hormones, glucocorticoids (GCs) have strong anti-inflammatory effects. By binding
with the glucocorticoid receptor (GR), GCs have the ability to inhibit all stages of the inflammatory
response [26]. Due to its strong anti-inflammatory effects, GCs are widely used in the management
of many clinical conditions, including autoimmune disorders, allergies, and asthma, and they also
play important roles in chemotherapy and preventing the rejection after solid organ transplantation.
However, prolonged use of GCs is associated with the development of posterior subcapsular and
nuclear cataracts [26]. The chick embryo has been used to establish an experimental model to study
the response of the lens to GCs. When dexamethasone (0.02 umol/egg) is administered, the lenses
of chicken embryos become cataract within 48 h. More recently, the mammalian lens has also been
used to establish the steroid-induced cataract models. For example, Brown-Norway rats given a daily
1% prednisolone acetate instillation of a total volume of 1.0 mg/kg or a daily intramuscular injection
of 0.8-1.0 mg/kg prednisolone acetate for 10 months successfully induced morphological changes
similar to those found in human steroid-induced cataracts [27,28].

3.4. Anti-Cataract Phytoconstituents

Based on our literature strategy listed above, the following phytoconstituents are listed in
alphabetical order. They have been shown to possess potential anti-cataract efficacy according to the
described study models.

3.4.1. 1-O-Galloyl-B-D-glucose (3-Glucogallin)

Molecular formula: C13H14010 (332.262 g/mol), Melting point: 214-216 °C.

-Glucogallin isolated from the aqueous fruit extract of Emblica officinalis Gaertn. (emblic, Indian
gooseberry) or Phyllanthus emblica Linn. (Euphorbeaceae) (gooseberry) [29] shows potent activity
against human AR in vitro with an ICsy of 17 uM [30]. Treatment with this compound prevented
the sorbitol accumulation by 73% (30 uM) in transgenic human AR expressing lenses ex vivo [30].
This result substantiated the in vitro assay using shared substrate glyceraldehyde at ICsy of 58 M.
Treatment with $-Glucogallin produced a significant decrease of sorbitol levels in macrophages [31].
Computational molecular docking studies exhibited favorable binding to the active site of between
human AR and (-glucogallin. This corroborates the inhibition result of sorbitol production under
hyperglycemic conditions in earlier experiments [30].

3.4.2. 1,3-Di-O-caffeoylquinic Acid

Molecular formula: Cp5H401, (516.45 g/mol).

1,3-di-O-caffeoylquinic acid has been isolated from Artemisia iwayomogi (haninjin) and Xanthium
strumarium (rough cocklebur) as inhibitor for rat lens AR (RLAR), recombinant human AR (RHAR)
and advanced glycation end-product (AGE) inhibitory activities. The compound inhibited RLAR
with ICsy values of 0.22-1.90 uM [32,33]. This result was supported by inhibition of RHAR at ICs; of
0.81 uM. In AGE inhibitory activity, 1,3-di-O-caffeoylquinic acid suppressed at ICs, of 24.85 uM [33].
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3.4.3. 1,5-Di-hydroxy-1,5-di-[(E)-3-(4-hydroxyphenyl)-2-propenoic]-3-pentanonyl Ester (DHDP)

Molecular formula: Cp3HpOg (442.41 g/mol).

A novel polyphenolic inhibitor of AR, DHDP was isolated from Lysimachia christinae (gold coin
grass, jingiancao) using AR affinity-based ultrafiltration-HPLC profiling method. The reversible
inhibitory activity of RHAR was recorded at ICs value of 194.7 uM with sorbitol content of 1002.3 pg/g
of lens weight. The effect of DHDP was further investigated in in silico using computer simulation
of binding by molecular docking. DHDP was predicted to block the AR active site by binding and
preventing the formation of product [34].

3.4.4. 1,5-Di-O-caffeoylquinic Acid

Molecular formula: Cp4Hj401; (488.44 g/mol).

A new method of enzyme assay-guided high-performance liquid chromatography
microfractionation and elution-extrusion counter-current chromatography of roots ethanolic extract of
Nardostachys chinensis (spikenard) afforded six secondary metabolites with 1,5-di-O-caffeoylquinic acid
as the most potent inhibitor against RLAR activity (ICsy = 2.98 uM). The compound was reported as
the first time isolated from the plant [35].

3.4.5. 1,3,6-Trihydroxy-2-methoxymethylanthraquinone

Molecular formula: C16H1204 (300.26 g/mol).

Bioassay-guided fractionation of Knoxia valerianoides (hongdaji) methanolic root extract afforded
eight secondary metabolites with 1,3,6-trihydroxy-2-methoxymethylanthraquinone showing the
highest inhibition against AGE formation at ICsy value of 52.7 uM. The same phytoconstituent also
exhibited strong inhibitory activity against RLAR with ICs( value of 3.0 uM [36].

3.4.6. 1,2,3,6-Tetra-O-galloyl-B-D-glucose

Molecular formula: C34H302, (788.57 g/mol).

1,2,3,6-tetra-O-galloyl-B-D-glucose was isolated from the methanolic seeds extract of Cornus
officinalis (cornus tree, shan zhu yu) after repeated Sephadex column chromatography. Appeared
as an off-white amorphous powder [37], 1,2,3,6-tetra-O-galloyl-B-D-glucose showed the most potent
inhibitory activity (IC5yp = 0.70 uM) compared to other secondary metabolites. In addition, AGE
formation was also reduced to ICsy value of 1.99 uM. This compound was further evaluated for its
inhibitory effect on ex vivo cataractogenesis activity using rat lenses induced with xylose 20 mM.
Treatment with 1,2,3,6-tetra-O-galloyl-B-D-glucose significantly reduced the opacities of the lenses
after two days at the concentration of 80 uM [38].

3.4.7. 1,3,5,8-Tetrahydroxyxanthone

Molecular formula: C13HgOg (260.19 g/mol).

Several xanthones have been isolated from the ethanolic extract of Swertia mussotii Franch (yinchen)
as inhibitors for RLAR activity. The most potent inhibition was shown by 1,3,5,8-tetrahydroxyxanthone
with ICsg of 0.0886 1M [39]. The compound appeared in slight yellow powder with 98.6% purity.

3.4.8. 2" 4"-O-Diacetylquercitrin

Molecular formula: Cp5Hp40O13 (532.11 g/mol), Melting point: 187 °C.

2" 4"-O-Diacetylquercitrin was isolated from Melastoma sanguineum (red melastome, fox-tongued
melatsome) as a yellow amorphous powder. This compound exhibited the strongest inhibition against
RLAR and AGE activities among all the isolated phytoconstituents. ICsj inhibitory activities for RLAR
and AGE were recorded at 0.077 uM and 11.46 uM, respectively. Compared to the positive standards,
aminoguanidine (ICsp = 965.9 uM, AGE) and 3,3-tetramethyleneglutaric acid (ICs5p = 28.8 uM, RLAR),
2" 4"-O-Diacetylquercitrin inhibited 87 (AGE) and 374 (RLAR) times more efficaciously [40].
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3.4.9. 3-Isomangostin

Molecular formula: CpsHpsOp (410.46 g/mol), Melting point: 182-183 °C.

Three main constituents of dichloromethane extract from root bark of Garcinia mangostana Linn
(mangosteen) were isolated from the hexane/methanol fraction. The result of the study indicated
that 3-isomangostin possessed the highest RLAR inhibitory activity with at ICsy value of 3.28 M.
The presence of cyclization of the prenyl group at the position-two carbon with xanthone derivative
enhanced the structure-activity relationship [41].

3.4.10. 3/ 4-Dihydroxy-3,5'-dimethoxy-bibenzyl (Gigantol)

Molecular formula: C14H;304 (274.316 g/mol), Melting point: 135 °C.

Gigantol is a bibenzyl-type phenolic compound presents in most herbs of Orchidaceae family [42].
It has been isolated from the stems of various Dendrobium genus such as Dendrobium aurantiacum var.
denneanum (die qiao shi hu) [43,44] and Dendrobium chrysotoxum Lindl (fried-egg orchid) [45,46] for
anti-cataract activities. As a white solid, gigantol suppresses the damage of rat lenses both in vitro and
in vivo in galactose-induced cataractogenesis. The delay in lens turbidity was caused by the inhibition
of AR and inducible nitric oxide synthase mRNA expression at an ICsy of 239.4 uM (65.7 ug/mL)
and 32.0 uM (8.8 pg/mL), respectively [43]. Gigantol isolated from Dendrobium chrysotoxum Lindl
interpolated into the DNA base pairs in AR gene with a binding constant of 1.85 x 10> L/mol, thus,
suppressed the gene expression [46].

3.4.11. 3’ 5'-Dimethoxy-(1,1’-biphenyl)-3,4-diol 3-O-B-D-glucopyranoside

Molecular formula: CyoHp4Og (406.42 g/mol).

The leaves and twigs of Osteomeles schwerinae C. K. Schneid. (hu xi xiao shi ji) were examined for
their possible inhibitory activity on RLAR. Four secondary metabolites have been isolated from the
CHCl3-MeOH fraction of the EtOH extract and found that 3',5'-dimethoxy-(1,1’-biphenyl)-3,4-diol
3-O-B-D-glucopyranoside to be the most potent inhibitor against RLAR activity at ICs( value of 3.8 uM.
The phytoconstituent was obtained as a brownish powder [47].

3.4.12. 3,5-Di-O-caffeoylquinic Acid

Molecular formula: Cp5Hj401; (516.45 g/mol), Melting point: 184-187 °C.

Methanolic extract of the stems and leaves of Erigeron annuus (annual fleabane, daisy fleabane)
afforded 16 secondary metabolites. 3,5-di-O-caffeoylquinic acid appeared as pale-yellow powder
and isolated from the ethyl acetate-soluble fraction after repeated column chromatography [48-50].
The same constituent was also isolated from Aster koraiensis (Korean starwart) [51], Xanthium
strumarium (clotbur, common cocklebur) [33], Artemisia iwayomogi (haninjin) [32] and Artemisia
montana [52]. 3,5-di-O-caffeoylquinic acid was reported as the most significant inhibitory activities
against AGEs, RLAR and ex vivo xylose-induced lens opacity assays from all isolated constituents.
It attenuates AGE formation with ICsy values ranging from 6 uM to 32 uM, and inhibits RLAR with
ICsy values of 0.2 to 5 uM. These findings are further substantiated by its ability in inhibition of
galactitol accumulation at an ICsq of 153 1M [33] and prevention of xylose-induced opacity of lenses at
a concentration of 10 uM [48].

3.4.13. 4-O-Butylpaeoniflorin and Palbinone

Molecular formula of 4-O-butylpaeoniflorin: Co7Hz6017 (536.22 g/mol), Melting point: 173-175 °C.

Molecular formula of Palbinone: CpH3pO4 (359.47 g/mol), Melting point: 254-255 °C.

Both 4-O-butylpaeoniflorin and Palbinone were isolated from methanolic extract of the cortex of
Paeonia suffruticosa (tree peony, mudan, moutan) with highest inhibitory activities of RLAR (palbinone)
and AGE (4-O-butylpaeoniflorin) compared to other isolated phytoconstituents [53]. Palbinone
appeared as red needles with [«]p —223.8° (CHCl3) and absorbed UV at 237 (log ¢: 3.2) and 387
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nm (log e: 3.0) [54]. Isolated from the butanol fraction. 4-O-butylpaeoniflorin was found as an optically
active white foam, [oc]ZD5—7.8 (c 0.14, MeOH) and later confirmed as an extraction artifact after HPLC
analysis. Palbinone inhibits RLAR at an ICs value of 11.4 uM. It was suggested that the absence of
ring E, side chain of ring D together with double bonds and a conjugated carbonyl group on the ring D
played the inhibitory properties. Unlike palbinone, 4-O-butylpaeoniflorin inhibited (ICs5p = 10.8 uM)
for AGE activity. The chemical moiety of hydroxy groups in the benzoyl connected to the sugar unit
complement the activity [53].

3.4.14. 4,5-Di-O-trans-caffeoyl-D-quinic Acid

Molecular formula: Cp5H401, (516.45 g/mol).

Caffeoylquinic acid analog, 4,5-Di-O-trans-caffeoyl-D-quinic acid isolated from Hydrangea
macrophylla var. thunbergii (bigleaf hydrangea) and Ilex paraguariensis (Yerba mate) showed the strongest
inhibitory activity against RLAR at ICs, value of 0.29 uM [55]. Inhibitory effect of quinic acid with two
caffeoyl groups assisted the potency.

3.4.15. 5-O-Feruloly Quinic Acid

Molecular formula: C17H50Og (368.33 g/mol)

Bioassay-guided isolation of root methanolic extract of Aralia continentalis Kitag. (dong bei tu
dang gui) produced 18 secondary metabolites. 5-O-Feruloly quinic acid was isolated from the ethyl
acetate fraction as an amorphous white powder. It had a highest inhibitory activity of RLAR at ICsp
value of 14.2 uM among all other phytoconstituents [56].

3.4.16.5,7,4' Trihydroxyisoflavone (Genistein)

Molecular formula: C15H;9Os (270.24 g/mol), Melting point: 297-298 °C.

Genistein appears as colorless plates and isolated from the roots of Pueraria lobata (kudzu, Japanese
arrowroot) [57,58] and stem bark of Maackia amurensis (Amur maackia) [59]. Both plants are native
to Eastern Asia and used as traditional medicine in China, Korea, and Japan. Genistein shows a
significant dose-dependent inhibition on RLAR activity (ICs5p = 9.48 uM) compared to the positive
control, TMG (3,3-tetramethyleneglutaric acid) (ICsp = 28.70 uM). Nevertheless, IC5y was recorded
higher at 57.1 uM for the same activity compared to quercetin ICsy = 10.1 uM) [59]. In an ex vivo
lens opacity study genistein suppressed xylose-induced lens opacity at 5 ug/mL (18.5 uM). Further
analysis with human lens epithelia cells (LECs; HLE-B3 cells) found that the expression of TGF-{32,
afp-crystallin, and fibronectin mRNAs were reduced, suggesting genistein is protective against lens
opacity with antioxidative effects [60]. It is proposed that the chemical moiety with free hydroxyl
group at C-7 of genistein attributes to the inhibitory of AR [59].

3.4.17. 20(S)-Ginsenoside Rh2

Molecular formula: C3HgOg (622.87 g/mol).

20(S)-Ginsenoside Rh2 is classified under triterpene glycosides and isolated from the root of
Panax ginseng C. A. Meyer, (ginseng). It has been used traditionally in East Asia for many years ago
with many main active constituents, ginsenosides have been isolated. In RHAR inhibitory activity,
20(S)-Ginsenoside Rh2 showed the most potent inhibitor with an ICsy of 147.4 pM among all other
isolated ginsenosides. It was suggested that the moiety of hydroxyl group at the carbon-20 enhanced
the AR activity relationship [61].

3.4.18. Acteoside

Molecular formula: Cy9H3¢O15 (624.58 g/mol), Melting point: 143-146 °C.
Isolated as yellowish amorphous powder from methanolic extract of Abeliophyllum distichum
(forsythia) and leaves and stem ethanolic extracts of Brandisia hancei (laijiangteng), acteoside showed the
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highest RLAR inhibitory activities at IC5 values ranging 0.83 uM and 1.39 uM compared to four other
isolated phenolic glycosides from each plant, respectively. The isolation was conducted by high-speed
counter current chromatography using a solvent system of ethyl acetate:n-butanol:water [62]. Isolated
acteoside from Brandisia hancei showed potent AGE inhibitory activity with an ICsy value of
5.11 uM [63].

3.4.19. Basilicumin [7-(3-hydroxypropyl)-3-methyl-8-B-O-D-glucoside-2H-chromen-2-one]

Molecular formula: C19H409 (396.38 g/mol).

Basilicumin was isolated from Ocimum basilicum (basil). It exhibits potent inhibitory activity
against AR (AKR1B1) and aldehyde reductase (AKR1A1) compared to the second phytoconstituent
isolated, ocimunone. Basilicumin inhibited AKR1A1 at ICs( value of 0.78 uM and 2.1 uM for AKR1B1
activity. It was suggested that coumarin and glucose scaffold in basilicumin moiety enhance the
activity [64].

3.4.20. Caffeic Acid

Molecular formula: C9HgOy (180.16 g/mol), Melting point: 223-225 °C.

Caffeic acid appears as white amorphous powder and classified as a hydroxycinnamic acid [65]. In
an attempt to find potential cataractogenesis inhibitors from plants, caffeic acid has been isolated from
a few plants with potential activity. Isolation of caffeic acid for RLAR activity has been shown from
methanolic extract of Dipsacus asper (xuduan), Erigeron annuus (L.) Pers., and Phellinus linteus (black
hoof mushroom, meshima, song gen, meshimakobu, sanghwang) with the highest activity among all
isolated secondary metabolites at IC5( values of 16.7 uM to 55 uM. Comparable results were observed
for RHAR (ICsp = 55 to 210 uM) and AGE activities (IC5p = 7.6 uM) [66-68]. Interestingly, no inhibitory
effects were observed for caffeic acid isolated from Perilla frutescens L. [69] and Prunella vulgaris L. [70].

3.4.21. Canangafruiticoside E

Molecular formula: Cp5H3,01, (524.51 g/mol).

The repeated column chromatography of methanolic flower bud extract of Cananga odorata Hook.
F. and Thomson generated 25 secondary metabolites and they were tested for RLAR inhibitory activity.
The result of the study indicated that among the isolated constituents, canangafruiticoside E possessed
the highest activity (ICs5p = 0.8 uM) [71].

3.4.22. Capsofulvesin A [((25)-1-O-(6Z,9Z,12Z,15Zoctadecatetraenoyl)-2-O-(4Z,10Z,13Zhexadecatetraenoyl)
-3-O-B-D-galactopyranosyl Glycerol)]

Molecular formula: C45H7,01¢ (773.04 g/mol).

The isolation of Capsofulvesin A from ethanolic extract of Capsosiphon fulvescens (one of the green
algae) showed the strongest RLAR inhibitory activity among all other secondary metabolites, albeit
moderate activity at ICs5p value of 52.5 uM. However, the constituent did not show any inhibition
against AGE activity [72].

3.4.23. Caryatin-3’ methyl ether-7-O-B-D-glucoside

Molecular formula: Cp4Hj6O1, (506.14 g/mol).

The bark of the pecan tree (Carya illinoinensis (Wangenh) K. Koch) has shown good
inhibition of AR activity with few compounds have been isolated. Among them, caryatin-3’
methyl ether-7-O-B-D-glucoside exhibits the most powerful activity in suppressing the lens AR
levels in diabetic cataract rats [73]. The catechol moiety on the B ring of caryatin-3' methyl
ether-7-O-B-D-glucoside was suggested to inhibit AR in comparison to the activity of other
compounds isolated. In addition, the potent AR activity was also supported by the presence of
neighboring O-methyl group in phenolics and an OH group at C-4' [73-75]. Caryatin-3’' methyl
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ether-7-O-pB-D-glucoside is physically yellow amorphous powder with UV (MeOH) Apax absorption at
350, 330, and 260 nm [73].

3.4.24. C-Phycocyanin (C-PC)

Molecular formula: C33H3gN4Og (586.67 g/mol).

C-Phycocyanin (C-PC), a prominent phytoconstituent found in the stromal surface of thylakoid
membranes of Spirulina platensis (a blue-green algae) is a biliprotein that functions to capture light
energy to chlorophyll A [76-78]. As C-PC is miscible in water but not alcohol and esters, most of the
isolations of C-PC use water extraction method [79]. C-PC attenuates selenite-induced cataractogenesis
both in vitro and in vivo rat model [78,80]. In vitro study showed C-PC recorded low degree of
opacification at 200 pg C-PC with 100 M sodium selenite [78]. The purified C-PC was active toward
the in vivo selenite mediated cataractogenesis showing only slight opacification at 200 mg/kg [78].
Same concentration was observed for naphthalene- and galactose-induced cataract rat models [81].
The protective effect of C-PC in these models were proven from the increment of glutathione, soluble
proteins, and water content levels of the lens [79]. Histology study indicated the protection of the
lens from oxidative damage. Restoration of lenticular micro-architecture was found with C-PC
treated group [77]. C-PC maintains the lens transparency by transcriptional regulation of crystallin,
redox genes, and apoptotic cascade mRNA expression [80]. Furthermore, C-PC was suggested to
possess protective effects on human LEC by abrogating D-galactose-induced apoptosis through the
mitochondrial pathway (p53 and Bcl-2 family protein expression) and unfolded protein response
pathway (GRP78 and CHOP expression) [82].

3.4.25. Davallialactone

Molecular formula: Cp5Hp0Og (464.43 g/mol).

Davallialactone was isolated as yellow amorphous powder from the active ethyl acetate fraction
of fruiting body of Phellinus linteus. Davallialactone possessed the most potent inhibitory against RLAR
and RHAR among all the isolated compounds with ICsy values of 0.33 uM and 0.56 uM, respectively.
The inhibitory activities were nine times (RLAR) and 11 times (RHAR) compared to that of quercetin
(ICs50 =2.91 uM; RLAR and IC5p = 6.27 uM; RHAR) [67].

3.4.26. Delphinidin 3-O-B-galactopyranoside-3/-O-B-glucopyranoside

Molecular formula: Cy7H31O17 (627.52 g/mol).

Anthocyanin delphinidin 3-O-p-galactopyranoside-3'-O-B-glucopyranoside was isolated from
the methanolic extract of the air-dried fruit pericarp of Litchi chinensis Sonn (lychee). This
fruit is a tropical and subtropical edible fruit native to Southeast Asia.  Delphinidin
3-O-B-galactopyranoside-3'-O-B-glucopyranoside exhibits the most significant inhibitory activity
in RLAR assay with an ICsy value of 0.23 pug/mL (0.37 uM) compared to the positive control,
tetramethylene glutaric acid (ICsp = 0.48 ug/mL) [83].

3.4.27. Desmethylanhydroicaritin

Molecular formula: CoH;304 (356.36 g/mol), Melting point: 220-222 °C.

The isolation of repeated chromatography of the CH,Cl, fraction over a silica-gel column
and Sephadex LH20 from root methanolic extract of Sophora flavescens (kushen) afforded
desmethylanhydroicaritin. Desmethylanhydroicaritin exerted remarkable inhibitory activity of RLAR
with ICsy value of 0.95 pM. Comparable results were observed in RHAR and AGE inhibitions
where IC5) values were observed at 0.45 pM and 294.6 uM, respectively. The presence of prenyl
and lavandulyl groups enhanced the RLAR and RHAR inhibitory activities. The 3-hydroxyl
group at prenylated flavonoids was suggested for the structural contribution for inhibition of AGE
formation [84].
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3.4.28. Ellagic Acid

Molecular formula: C14HgOg (302.19 g/mol), Melting point: >350 °C.

During a search for possible cataractogenesis activities for isolated ellagic acid, three plants from
Korea were found with most potent inhibitions. Ellagic acid isolated from Phellinus linteus, Geranium
thunbergii (Thunberg’s geranium), and Syzygium cumini (L.) Skeels (jambolan, Java plum, black plum)
inhibits RLAR activity with ICsy value ranging from 0.12 uM to 6.9 uM [67,85-87]. The compound was
also effective in the inhibition of AGE formation (ICsy = 26.0 uM). In RHAR assay, the activity of ellagic
acid (ICsg = 1.37 uM) from Phellinus linteus was more potent than that of quercetin (IC5p = 6.27 uM) [67].
This was substantiated by its inhibition (42.5%) of galactitol accumulation in rat lenses incubated in
high glucose with 485.6 ng/lens wet weight [85].

3.4.29. Epiberberine

Molecular formula: CooH1gNO4* (336.36 g/mol), Melting point: 187 °C.

The bioassay-guided isolation of the rhizome of Coptis chinensis Franch (Chinese goldthread)
afforded seven secondary metabolites with epiberberine exhibited the highest inhibitory of RLAR
activity. The ICs of the reported value was 100 uM. Conversely, epiberberine showed a comparable
result against RHAR with IC5( value of 168.1 uM. The chemical moiety of dioxymethylene (ring D) and
its oxidized form (ring A) was suggested to enhance the AR inhibitory activities, albeit in moderate
effects [88].

3.4.30. Geraniin

Molecular formula: C4;HpgO57 (952.64 g/mol), Melting point: 360 °C.

The anti-cataract activities of Nephelium lappaceum (rambutan) [89] and Geranium thunbergii [85]
lead to the isolation of geraniin with good yield. Geraniin was isolated from the ethanolic rind extract
of Nephelium lappaceum as the major bioactive compound. This compound exhibits better AR activity
with an ICsg of 0.15 uM at approximately 40% higher compared to quercetin ICsy = 5.76 uM [89].
Geraniin isolated from Geranium thunbergii shows slightly higher concentration of ICs (8.54 uM) in
the same activity, however, using rat lens as the source of enzyme [85]. In AGE assay, the activity of
geraniin was 96% of inhibition after incubation time of seven days at the concentration of 20 ug/mL
(21 uM). Galactitol accumulation in rat lenses incubated with high galactose was inhibited at 39.9% by
geraniin with 507.5 pg/lens wet weight (g). It was concluded that geraniin isolated from both plants is
a promising agent in the prevention or treatment of diabetic complications.

3.4.31. Hipolon

Molecular formula: C1,H;204 (220.22 g/mol), Melting point: 237.5-238.5 °C.

Three inhibitors have been isolated from ethanolic extract of Phellinus merrillii (willow) fruiting
body and identified as hispidin, hispolon, and inotilone. Hipolon showed highest inhibition against
RLAR activity (ICsg = 9.47 uM) among the three suggesting that phenolic chemical moiety enhanced
the activity [90].

3.4.32. Hirsutrin

Molecular formula: Cp;Hp0O1, (462.40 g/mol), Melting point: 156-157 °C.

Hirsutrin was isolated together with six nonanthocyanin and five anthocyanin compounds from
Zea mays L. (corn) for anti-cataractogenesis activity. Isolation of hirsutrin was conducted through
bioassay-guided fractionation of ethanolic extract from the kernel of Zea mays L. using repeated column
chromatography from ethyl acetate fraction. Hirsutrin showed the highest inhibitory activity in RLAR
with an ICsg value of 4.78 uM and inhibitory constant (K;) at 7.21 x 10~7 M from secondary plots of
Lineweaver-Burk plots for RHAR assay. Further inhibition by hirsutrin on galactitol formation in rat
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lens (33.8% inhibition) and erythrocytes (15.7 uM, 32.5% inhibition) supported the efficacy of hirsutrin
as the most effective AR inhibitors compared to all isolated compounds [91].

3.4.33. Hopeafuran

Molecular formula: CpgH;307 (466.43 g/mol), Melting point: 131-134 °C.

Hopeafuran, classified under oligostilbenoids was isolated from the bark of Shorea roxburghii
(white meranti) and exhibits the highest RLAR inhibitory activity compared to other isolated secondary
metabolites from the same plant. This phytoconstituent inhibits the AR enzyme at an IC5 value of
6.9 ug/mL (14.8 uM) [92].

3.4.34. Hypolaetin 7-O-[6""-O-acetyl-B-D-allopyranosyl-(1—2)]-6"-O-acetyl-B-D-glucopyranoside

Molecular formula: C3;H34019 (710.59 g/mol).

Hypolaetin 7-O-[6""-O-acetyl-B-D-allopyranosyl-(1—2)]-6”-O-acetyl-B-D-glucopyranoside was
isolated from Sideritis brevibracteata (Dag cay1) [93] and appeared as yellow powder [94,95]. This plant
is native to Turkey and widely used as an herbal tea in folk medicine. Isolated hypolaetin has shown
the most potent inhibitory activity of AR with IC5, value of 0.66 uM [93].

3.4.35. Isocampneoside II

Molecular formula: Cy9H34O16 (640.58 g/mol).

Isocampneoside II is an active phenylethanoid glycoside isolated from acetone-H,O (7:3, v/v)
seeds extract of Paulownia coreana (kiri, paotong) at room temperature for 72 h. Paulownia coreana is
long cultivated in Eastern Asia, particularly Korea and has been used traditionally in medicines for
certain ailments [66]. A total of nine potential inhibitors have been isolated from this plant, however
Isocampneoside II is the most potent inhibitor in anti-cataract activities. This compound significantly
and uncompetetively inhibited RHAR activity with an ICs value of 9.72 uM [66].

3.4.36. Isorhamnetin-3-glucoside

Molecular formula: CyHjO1, (478.406 g/mol), Melting point: 168-172 °C.

Cochlospermum  religiosum (silk-cotton tree, buttercup tree) has been reported to possess
anticataract activity [96]. Purification of hot 95% ethanolic leaves extract of C. religiosum yielded
isorhamnetin-3-glucoside. This bioactive compound was obtained as yellow needles and identified as
flavonoids with yellowish orange color in alkali, pink in Mg-HCl and reaction with Fe3* gives olive
green color. Isorhamnetin-3-glucoside at the concentration of 25 pug/mL (52 uM) inhibited further
formation of vacuoles and opacity on sodium selenite-induced lens opacity of rat pups. The antioxidant
property of isorhamnetin-3-glucoside was suggested to complement its anticataract activity [97].

3.4.37. Kaempferol

Molecular formula: C15H;9Og (286.23 g/mol), Melting point: 276-278 °C.

Kaempferol isolated from Litsea japonica (Thunb.) Juss. (hamabiwa) showed the most potent
against RLAR inhibitory activity with ICs5 value of 1.10 uM among all phytoconstituents isolated [98].
The same constituent was also isolated from Agrimonia pilosa Ledeb (hairy agrimony, hangul),
Allium victorialis (victory onion), and Paulownia coreana with ICsy values of 15.2 uM (RLAR) [99],
1.10 uM (RLAR) [100], and 45.58 uM (RHAR) [66], respectively. The cataract prevention was further
supported by inhibition of AGE activity at ICsy of 36.01 uM from Allium victorialis [100].

3.4.38. Kakkalide

Molecular formula: CogH3,015 (608.549 g/mol), Melting point: 251-253 °C.
Kakkalide was isolated from Viola hondoensis W. Becker et H Boss (ri ben giu guo jin cai) for
its AR inhibitory activity. This plant is widely distributed in southern Korea and has been used
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to as traditional medicine in the form of expectorant. AR activity-guided isolation using column
chromatography on a silica gel and gel filtration column afforded kakkalide. Kakkalide significant
inhibited AR from Sprague-Dawley rat lenses at an ICsj of 0.34 pg/mL (0.56 uM), more potent than
that of the positive control, tetramethylene glutaric acid (ICsp = 0.48 pug/mL) [101].

3.4.39. Lucidumol A [(245)-24,25-Dihydroxylanost-8-ene-3,7-dione]

Molecular formula: C30HygO4 (472.69 g/mol).

Lucidumol A is a new triterpenoid isolated from the ethanolic extract of the fruiting body of
Ganoderma lucidum (lingzhi mushroom, reishi mushroom) from a thorough fractionation process [102].
Obtained as a white amorphous powder [103], lucidumol A suppressed the strongest AR activity
with an ICsy of 19.1 uM compared to all other reported isolated secondary metabolites including
ganoderic acid Df (IC5y = 22.8 uM) [104], ganoderic acid C2 (ICs5p = 43.8 uM) [105], ganoderol B
(ICs5p = 110.1 uM) [106], and others.

3.4.40. Lupeol

Molecular formula: C3pHz0O (426.72 g/mol), Melting point: 120-122 °C.

Lupeol, a pentacyclic triterpenoid has been isolated from the ethanolic flower extract of Musa
sp. var. Nanjangud rasa bale (banana) [107] and methanolic leaf extract of Vernonia cinereal (purple
fleabane) [108] with anti-cataractogenesis activities. Repeated silica gel chromatography after
fractionation from both plants yielded lupeol as white needles. It inhibits human recombinant AR
activity at ICsg of 1.53 ug/mL (3.6 uM) [52]. Similar inhibition was observed for AGE with inhibition
in the range of 79-82% [107]. The potent activity of lupeol was substantiated with in vivo study using
selenite-induced cataract formation in Sprague-Dawley rat pups. Lupeol attenuated the formation of
vacuoles and opacity of rat pups lenses at the concentration of 25 ug/g in a dose-dependent manner in
selenite-induced cataractogenesis [108].

3.4.41. Luteolin (2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4-chromomenone)

Molecular formula: C15H;9Og (286.24 g/mol), Melting point: >320 °C.

The potential anti-cataract effect of luteolin is well known [109,110]. As yellow crystalline, luteolin
has been isolated from various plants including Platycodon grandiflorum (balloon flower,

Chinese bellflower) [111], Vitex negundo (Chinese chastetree, horseshoe vitex) [112], Artemisia
montana [52], Perilla frutescens (L.) (perilla, Korean perilla) [69,113,114] and Sinocrassula indica (Chinese
crassula) [115]. The selenite-induced oxidative stress treated group with luteolin (isolated from Vitex
negundo) demonstrated 80% transparency of the lenses with minor cortical vacuolization and opacity
suggesting that the anticataractogenic effect was supported by the antioxidant property based on
significant decrease in various antioxidant activities tested [112]. In comparison to the isolated luteolin
from different botanicals, luteolin from Platycodon grandiflorum was identified as the highest inhibition
with an IC5g of 0.087 uM (RLAR) [111]. The IC5; value increases slightly higher to 0.45 uM (Sinocrassula
indica) in the same activity [116]. However, isolated luteolin from the same species, Perilla frutescens
(L.) of different parts showed different values in RLAR (seeds, IC5y 0.6 uM [113]; IC5p 1.89 uM) [114]
and RHAR (leaves, ICs) 6.34 uM) [69], almost 10 and 3.5 times higher. Luteolin (Artemisia montana)
was found to suppress RLAR activity at an ICsp 0.19 uM [52]. Luteolin from Platycodon grandiflorum
(Jacq.) exhibited comparable potent inhibitory effect of AGE (ICsy = 16.6 uM) with chlorogenic acid
methyl ester (IC5p = 12.9 uM) [111].

3.4.42. Luteolin-7-O-B-D-glucopyranoside

Molecular formula: Cp;Hp0O1; (488.38 g/mol), Melting point: >195 °C.

Luteolin-7-O-p-D-glucopyranoside was isolated from the leaves extract of Stauntonia hexaphylla
(Thunb.) Decne. (stauntonia vine), traditionally used as folk medicine in China, Japan and Korea.
Luteolin-7-O-B-D-glucopyranoside showed the highest potent inhibitory activity of RLAR at ICsg
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value of 7.34 uM among other isolated secondary metabolites. Inhibition was reported 2.4 times
higher compared to that of quercetin. This data was substantiated by inhibition of AGE at ICs( value
of 117.8 uM and it was suggested that the presence of sugar position in flavonoids enhances the
activity [117].

3.4.43. Magnoflorine

Molecular formula: CooHpsNO4* (342.41 g/mol).

Magnoflorine was isolated from Tinospora cordifolia (heart-leaved moonseed, guduchi, giloy) [118]
and Coptidis rhizome (coptis root, huang lian) [88] for inhibitory activities against AR. Identification of
magnoflorine was conducted with spectroscopic analysis and compared with the literature for both
plants. Appeared as yellow powder, this compound exhibited lowest concentration of maximum RLAR
activity showing ICsy value at 3.6 uM from isolation of Tinospora cordifolia. Further analysis showed
that magnoflorine inhibited 72.3% of galactose-induced polyol accumulation [118]. Nevertheless,
the isolated magnoflorine from Coptidis rhizome possessed marginal inhibition against RLAR with 18%
inhibition at a concentration of 146 uM. At this point, it is not clear if the very significant differences in
efficacies and potencies were due to technical differences in isolation and/or biological assay.

3.4.44. Methyl-3,5-di-O-caffeoylquinate

Molecular formula: CpsHp6O12 (530.50 g/mol).

Methyl-3,5-di-O-caffeoylquinate or also known as 3,5-di-O-caffeoylquinic acid methyl ester
was isolated from the flowers of Erigeron annuus [68] and fruits of Xanthium strumarium [33] with
highest inhibitory activity towards RLAR among all isolated secondary metabolites. Phytochemical
analysis of ethyl acetate-soluble fraction of Erigeron annuus methanolic flower extract afforded
methyl-3,5-di-O-caffeoylquinate with yellow gum appearance at percentage yield of 0.0075% [68].
Isolated methyl-3,5-di-O-caffeoylquinate from both plants suppressed RLAR activity at ICsy values of
0.3 to 0.81 uM. Significant results (most potent) were also observed with further assays in RHAR and
galactitol accumulation in rat lenses ex vivo from Xanthium strumarium at ICs, value of 0.67 uM and
117 ng/lens wet weight, respectively [33].

3.4.45. Mumeic Acid-A

Molecular formula: Cp4H401¢ (472.44 g/mol).

In an attempt to obtain inhibitors of RLAR from Prunus mume (Japanese apricot), mumeic
acid-A was found to be the most potent inhibitor from all isolated secondary metabolites. The ICsq
concentration of mumeic acid-A (ICsp = 0.4 uM) was almost twice that of chlorogenic acid
(ICs0 = 0.7 uM) as the positive control [119,120].

3.4.46. Puerariafuran

Molecular formula: C16H;205 (360.32 g/mol), Melting point: 294-296 °C.

The roots of Pueraria lobata has for long been used in Far Eastern Asia countries as traditional
medicine [57]. The isolation of root extract affords puerariafuran, a new 2-arylbenzofuran inhibited
RLAR with an IC5j value of 22.2 uM, much lower than the positive control, 3,3-Tetramethyleneglutaric
acid (ICsp = 28.8 uM). This data was substantiated with prevention of xylose-induced lens opacity in a
dose-dependent manner, with the highest dose at 15 uM [121].

3.4.47. Quercetin-3-O-B-D-glucoside

Molecular formula: Cp;Hp0O1, (464.38 g/mol).
Quercetin-3-O-B-D-glucoside was isolated from Petasites japonicus (butterbur, fuki, sweet coltsfoot)
and Stauntonia hexaphylla as inhibitor for RLAR and AGE activities. It inhibited RLAR activity at ICsq
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values between 2.21 and 10.4 uM [117,122]. In contrast, its inhibition of AGE formation required a
much higher concentration (ICs5p = 1 mM) [117].

3.4.48. Quercitrin (Quercetin 3-O-a-L-rhamnoside)

Molecular formula: Cp;Hp0O1; (448.38 g/mol), Melting point: 177-183 °C

Quercitrin, a glycosylation of quercetin at C-3, was isolated from few botanicals including Smilax
china L. (China root), Agrimonia pilosa Ledeb, Allium victorialis var. platyphyllum, and Melastoma
sanguineum using various isolation methods. It was tested for RLAR and AGE inhibitory assays and
found that quercitrin possesses significant inhibitory actions for both activities among all isolated
phytoconstituents in these plants. The ICsy values were reported at 0.17 to 0.56 uM (RLAR) and 42.0 to
58.0 uM (AGE) [99,100,123]. In contrast, quercitrin from Melastoma sanguineum showed ICs, value of
0.16 uM (RLAR) and 25.11 uM (AGE), respectively [40].

3.4.49. Rhetsinine

Molecular formula: C19H;7N30; (319.36 g/mol), Melting point: 196 °C.

Evodia rutaecarpa Bentham (Rutaceae) (wu zhu yu) is part of the Kampo-herbal medicine in Japan
and has been used to relive digestion as well as painkiller. Various compounds have been isolated
from this plant especially rhetsinine showed potent inhibitory activity against RLAR at an ICs value
of 24.1 uM. Rhetsinine was also reported to inhibit sorbitol accumulation in human erythrocyte by
almost 79.3% at 100 uM [124].

3.4.50. Rosmarinic Acid

Molecular formula: C13H;6Og (360.32 g/mol), Melting point: 171-175 °C.

Rosmarinic acid, a conjugation of caffeic acid and 3,4-dihydroxyphenyllactic acid is mainly
isolated from the family of Lamiaceae with good anti-cataract activity. Isolated rosmarinic acid from
Salvia grandifolia (da ye shu wei cao) recorded the lowest ICs( (0.30 M) in RLAR activity [125] compared
to other plants. The ICsy values of rosmarinic acid isolated from other plants were 2.77 uM (Prunella
vulgaris L.; woundwort, self-heal) [70], 5.38 uM (Colocasia esculenta (L.) Schott; taro) [126], and 11.2 uM
(seeds, Perilla frutescens L.) [113], respectively. In RHAR assay, the activity of rosmarinic acid were
shown at 2.77 uM (leaves, Perilla frutescens L.) [69] and 18.6 uM (Prunella vulgaris L.) with potent activity
on galactitol accumulation in rat lenses, but low inhibitor of AGE (20.7%) for Prunella vulgaris L. [70].

3.4.51. Scopoletin

Molecular formula: C19HgO4 (192.16 g/mol), Melting point: 204-205 °C.

The bioassay-guided fractionation of methanol extract of Magnolia fargesii (Shin-i) air-dried buds
yielded five compounds with scopoletin showing the most potent in RLAR, AGE and xylose-induced
lens opacity assays [127]. Scopoletin significantly inhibits AGE formation with an ICs value of 2.9 uM,
approximately 327 times more potent compared to the positive control (ICs5p = 961 uM). Similarly,
in the RLAR activity, scopoletin showed marked inhibitory activity with an ICs value of 22.5 uM.
This was substantiated by the suppression of lens opacity to 72.9% (25 uM) after three days of xylose
treatment [127]. A lower IC5p concentration of RLAR activity was observed for scopoletin isolated
from Angelica gigas (dang gui, Korean angelica) with an ICs( value of 2.6 uM [128] showing the most
potent activity among all isolated secondary metabolites. However, scopoletin from methanolic young
leaves of Artemisia montana showed higher ICs( value at 64.5 uM for the same activity [52,129].

3.4.52. Semilicoisoflavone B

Molecular formula: CpoHj4Og (352.34 g/mol), Melting point: 131-134 °C.
Semilicoisoflavone B is mostly found in roots and rhizomes of licorice species (Glycyrrhiza
sp.) [130]. In searching for potential AR inhibitors, 10 secondary metabolites have been isolated
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from bioactivity-guided isolation of Glycyrrhiza uralensis with semilicoisoflavone B showed the most
potent inhibition of RLAR and RHAR activities. Both inhibition rates were recorded at ICs( values of 1.8
and 10.6 uM, respectively. Unlike y,y-dimethylallyl type prenylated isoflavonoids, semilicoisoflavone
B containing y,y-dimethylchromene ring on the aromatic ring inhibited AR more strongly. In kinetic
analysis of AR inhibition, semilicoisoflavone B did not bind to any substrate and NADPH binding
regions of RHAR. Ex vivo analysis showed that this compound highly inhibited sorbitol accumulation
in rat lenses incubated with high glucose by 47.0% [131].

3.4.53. Sulfuretin and Butein

Molecular formula of sulfuretin: C;5H;9O5 (270.24 g/mol), Melting point: 295-303 °C.

Molecular formula of butein: C15H;,05 (272.25 g/mol), Melting point: 216 °C.

The AR and AGE guided isolation of ethanolic bark extract of Rhus verniciflua (lacquer tree)
produced nine secondary metabolites with sulferetin and butein as the most potent phytoconstituents
for AGE and RHAR, respectively. Sulferetin was isolated as white to off-white crystalline powder [132]
and inhibited against AGE activity at ICsy value of 124 uM, 11 times lower than aminoguanidine
(ICs50 = 1450 uM). The RHAR inhibitory activity of butein was reported at ICsy = 0.7 uM [133]. The
efficacies of both phytoconstituents have been suggested on the structure activity relationships of
catechol moiety of the B ring and 4’-hydroxyl at the A ring for butein [134] and hydroxyl groups of
flavones at the 3'-, 4'-, 5'-, and 7-positions for sulferetin [135].

3.4.54. Syringic Acid

Molecular formula: CgH;O5 (198.17 g/mol), Melting point: 206208 °C.

Syringic acid is a phenolic compound and a naturally occurring O-methylated trihydroxybenzoic
acid monomer extracted from Herba dendrobii (shi hu). Herba dendrobii, found in the stem of many
orchid species of the Dendrobium genus, has been used to improve vision centuries ago [136]. Syringic
acid at medium dose (79.97%) isolated from Herba dendrobii improves survival of high-concentration
D-galactose-injured human LEC with inhibition ratio of 20.3%. Rat lens turned clear to Grade 0 after 90
days of treatment. Syringic acid inhibits AR activity in a dose-dependent manner with an ICs, value of
213.17 ug/mL (1075.7 uM). Data suggest that syringic acid downregulates the expression of mRNA of
AR [136]. However, the AR inhibition by syringic acid isolated from Magnolia officinalis was weaker
with less than 10% of inhibition [137].

3.4.55. Swertisin

Molecular formula: CyHjO1¢ (446.40 g/mol), Melting point: 243 °C.

Swertisin appears as pale yellow powdery crystals and isolated from Enicostemma hyssopifolium
(najajihva, chota chirayita) methanol extract after repeated column chromatography over silica gel.
This compound reacts with ferric chloride and turned greenish brown color as a confirmation test for
flavonoids. RLAR activity was significantly inhibited by swertisin at an IC5p value of 0.71 ug/mL
(1.6 uM; 82.3% inhibition at 10 pug/mL) indicating a higher inhibition compared to the other compound
isolated, swertiamarin (ICsp = 7.59 ug/mL). This compound was also found to suppress polyol
accumulation (41.7%) in lenses cultured in a galactitol medium [138].

3.4.56. Valoneic Acid Dilactone

Molecular formula: C»;H;9O13 (470.29 g/mol), Melting point: 177-183°C.

The repeated column chromatography and preparative HPLC of seed methanolic extract of
Syzygium cumini (L.) Skeels lead to the isolation of six phytoconstituents with valoneic acid dilactone
showed the highest activity against RLAR inhibitory activity at ICsy value of 0.075 uM [87]. Valoneic
acid dilactone were the first constituents from this plant reported to possess RLAR inhibitory activity.

205



Nutrients 2018, 10, 1580

[9¢] [9¢] Ho oH auoumb Aypowhxonpyo
9¢ 9¢ uoumbengjueAyowdxoyiow
WM 50°¢ VN VN VN VN VN T TLTS o -g-Axo1pAyn-9'¢'T
HOO°HO
HO [e]
HO o OH
HO Ho. o%{@”
Ermm_m.m VN VN VN VN VN VN pv%ﬂ\ I o poe srumbjoagyea-0-1p-¢'L
o -0 OH
o
5] o oH (daHq) @se [Auouejuad-¢-
VN VN VN . VN VN VN ﬁ JRQ [orouadord-z-(jAusydAxo1pAy-§)
ul Z x
WrZ9veL NI -g-()]P-g T-Ax01pAY-1a-'T
o OH
Ho OH
[z€] [eel [cel o
) VN VN . VN VN . proe srumbi£oages-O-1p-¢'1
N 220 AT 0180 T 687T o oo o
OH OH
R 3
[og] 0 OH (urre8oon|H-¢)
VN VN VN M 00°41 VN VN VN HO o asoon[3-a-g-[4ofes-0-1
OH
HO OH
VY AVTH uvid YVHI  MMID v 19V
aInpPNIg Juarparduy 2ARY

sanfep 05)1

‘sjuan)su02034yd JO SanIALOR JorIRIED-[JUR OXIA UT JURAS[AI JO Arewrwng T d[qeL

206



Nutrients 2018, 10, 1580

[17]

VN

unsoduewos]-
A ghe VN VN VN VN VN 3} 1-€
2fH
o=k
(0] [oF] fo% P
0¥ 0¥ c . o} umpIanbfyeceiq-O-, 3
W 2200 VN VN VN VN VN AT 95T HO € o | Q 1 1£120013-0-, %',
e
HO
HO
HO _o HO
3 VN VN VN VN VN VN _ auoyjuexAxorpAyenar-8'6e'T
N 98800
o} OH
HO
|6 O-leb
\ |
S o (6]
Emww_n.o VN VN VN VN VN (8] W 66'T M OH as0on[8-a-g-[40[[eS-0-en-9'e'7'T
el o
eb-0
AVTY AVTH AV AVHI ~ MMID v 19V
InpPnIs Juarparduy 2ARY

sanfeA 05)1

10D "L 3[qeL

207



Nutrients 2018, 10, 1580

OFH

¢ 10
[ec] YN VN VN YN VN [e] ol 8 upouosedifing-0-f
M 0T'9¢ M 08°0T Q o on o
SN b
OfH ©
OH
o]
=
o
HO.
OH
lee] lec] o oo
18 ukenk OH Y drumbiAoajyes-O-1p-¢*
W 610 VN VN Wiper  LeElBest VN [87] M 909 P PRV drumbjioajyed-O-1p-¢'e
O
OH
HO
HO
£HO OH
[z7] oo 5° aprsoueifdoon(8-a-g-O-¢ 101p-p'e-
AT 08 VN VN VN VN VN VN HO (tAusydiq-,1'7)-Axoypaup- ¢ ¢
Bl
£HOO
YVIY AVIH  AVId  AVHI  MMID v 19V
InpPnIg Juarparduy 2ARY
sanfep 091

10D "L 3[qeL

208



Nutrients 2018, 10, 1580

o o OH
o. [}
HO' 0 OH

rma . VN VN VN VN VN [eol Wr TT°g . apIS0aPY
AT €8°0 o s
HO' o}
HO
Q ul
VN VN VN Hmm M\MH VN VN VN W dPISouasurn~(S)oe
[09] (uraysTURD)
AT 856 VN VN VN VN VN VN SUOACIOSTAXOIPAYL- 3£/
Loc] VN VN VN VN VN VN pe dumb Ajomieg-0-g
AT 6171 T
HO OH
HO- -OH
sl VN VN VN VN N VN — Lt
WM 620 o orumb-a-jAoagyes-suen-0-1q-g'F
Res
HOOD
HO
VT AVIH uvid UVHA ~ MMID v 49V
aInpnIg juarpaiduy 2ARY

sanfep 05)1

10D "L 3[qeL

209



[£9] [£9]
AT €0 VN VN AT 950 VN VN auopeerea
Ho [(1019043
12 oﬁ £soueifdoyeres-a-g-0-¢-
wriggze YN VN VN VN VN o NN W (1KousenayeepexayZe1'Z0TZF)-0C-
%\Jja ([Aousena1edaped0ZSe1'ZZ1'Z6'Z9)
-01-(S0)] v ursaa[mjosded
aprsoueridooniS-a-g=o1o
HO
L1l . VN VN VN VN VN asd. oH q aprsoonniyedueue))
AT 080 oHo
NN oH
e]
[<9] . . [99] . . b e
JAURVAC) INMST01C o
[puo-z-uswonyd-
VN VN M 60T VN VN VN Hz-op1soon(S-a-O-¢-g-1Ayjow-¢-
(1Adoxd AxoapAy-¢)-7] urwmoipiseg
AVTA AVTH AvV1d AVHA MMTD v

sanfep 0631

Juarparduy 2AnY

Nutrients 2018, 10, 1580

210



Nutrients 2018, 10, 1580

(0]
HO
OH
[£8] [29] [esl] Hor o6 1 3e
wWizro Azt VN VN oW LFTH VN [98] N 09T N\ pioe dtoe[g
HO
OH
\ O
(0]
[78] (78] [7s] unLrediorpAyueAyjowsa
Wi <60 VN VN Wi 6p0 VN VN W 09562 QLIEDIOIPAYURTAY) a
apisoueifdooeed-¢g =jeo
‘aprsoueifdoon|3-¢ =[5
les] aprsoueifdooni8-4-o- ¢-
W 260 VN VN VN VN VN VN aprsouerfdoyoeres-g-0-¢
wprunydpg
AVTA AVTIH AvV1d AVHA MMTD v 49V

sanfep 05)1

ampnng

Juarparduy 2ARY

10D "L 3[qeL

211



Nutrients 2018, 10, 1580

HO

OH
Emumwo VN VN VN VN VN VN . uojodiy
HO N
X
HO
[ss] l68] [68] + %96 s
VN VN VN VN %86 NS0 N 0012 Hueen
[88] A [88] A J
L0001 VN VN 01891 VN VN VN 1aquaqidy
YVIY  AVIH  AVId  AVHI  MMID v R

sanfeA 05)1

ampnng

Juarparduy 2ARY

10D "L 3[qeL

212



Nutrients 2018, 10, 1580

HO

HO
OH
[99] Io N%m d
VN VN VN Loy VN VN VN o b o 11 dprsoauduredosy
Wi ez6 o %
o o OH
HO
\Koayea-0
o6l aprsoueridooni3-a-g-jL1eoe-0
VN VN VN VN VN AT 990 VN -9 lee1)-14souerkdorre-a-¢
-1431998-0-,,9]-0-£ unRe[od AR
[cel uenyeado
N 08T VN VN VN VN VN VN J H
L1e] VN VN VN [1e] VN VN ULGNSITH
W1 8LF %8L'EE ’ :
AVTA AVTH AVId AVHA MMTD v 49V

sanfep 05)1

ampnng

Juarparduy 2ARY

10D "L 3[qeL

213



Nutrients 2018, 10, 1580

OH
€HO
[z01] ¢ oadn
VN VN VN M 09°€ VN VN VN HO €D I 1
F=0%H
€HO
VN VN [co1] N VN VN VN [ouorp-/“¢c-aus-g-1soue[Axo1pAyIq
M 0161 -ST'ye-(S¥0)] v [owmpron
Ltor] VN VN VN VN VN VN apIeped
AT 960 :
[oo1'86] [991 [oot]
oxaydwae
M OT'T VN VN N 86 VN VN M T0°9¢ [0195; >l
AV AVTIH AVId AVHI MMTD v a9V

sanfep 05D1

aImpnis Juarparduy 2ARY

10D "L 3[qeL

214



Nutrients 2018, 10, 1580

Aoayeo-0

leel [cel [ec] 8 I ayeumbLosyyed-0-1p-6‘g-1Ay30
AT 080 VN VN Wit oo LEE18 L1 VN VN o mbi4oagyes-O-1p-6‘¢-[ApaIN
0009°%H
|koayer-0
- 02°%H
[s11] OH
! VN VN VN VN VN VN ¢ auwofoudey
N 09°¢ HO OH
CHO—N O
00°%H
HO OH
OH
m:_. VN VN VN VN VN %E o’ oH aprsoueiddoonyS-a-g-0-£-uroan
WM €L W 08°4T1 o O
\
[l (zc] [l (suoudwowon-f-AxorpAyrp
. VN VN ) VN VN X ~£'s-(1Auoyd Axorp Ayrp-3'¢)-7)
T £80°0 N FE'9 N 0991 wgosin
AVTY AVTH AV YVHI ~ MMID v a9V

sanfep 05)1

amnpnng

Juarparduy 2ARY

10D "L 3[qeL

215



Nutrients 2018, 10, 1580

E_MNHHN_.N VN VN VN VN VN Eﬂ%? ap1s0dN{3-a-g-O-g-unddINY
HO [¢] HO
(¢]
HO
HO HO
00°fH
OH
:Nﬁ\hmu o ueinjerieran,
Wi 0722 VN VN VN VN VN VN HO S jel d
OHO
€HO  OfH
OH
[eg] [es] N 008< o/m_._o .. auourqre
A 0BT VN VN VN VN VN £5] INT 005 1qred
o= €HO
HO
lert) VN VN N VN VN VN - o9 V-pre Jumy
AT 070 o _~_oO oH e
o]
£HOO- OH
o]
AVTA AVIH avid AVHI ~ MMID v 19V
InpPnIg JuarpaIduy 2ARY

sanfeA 05)1

10D "L 3[qeL

216



Nutrients 2018, 10, 1580

[teT] [teT]
SUOAR[JOSIODT[TUI

M 08T VN VN INH 09°0T VN VN VN q [JOSIODT[IWDdG

[szt] VN VN VN VN VN Lect) unajodoog
M 65T M €6C ’

[ee1] (691 [o]

08 DTULTRWSO

W 00 VN VN Wi 227 SgezeC VN VN proe ot R

[rz1) VN VN VN VN VN VN QuIuISIaY
JAUNIS 74 o

[o7] [ooT] (eprsouwreyi-1-v-0O-¢
JAUANI] VN VN VN VN VN AT 0TY unedIPNQ)) ULBIIINY
AVTA AVIH AVId AVHA MMTD v 49V

sanfep 0631

amnpnng

Juarparduy 2ARY

10D "L 3[qeL

217



Nutrients 2018, 10, 1580

[28]

VN

VN

2U0joe[r 0. DI9UOJE,
W 200 VN VN VN VN 108[Ip PIoE DIPUOTeA
[set] (prouoAR[j OIPISOIA[S-D)) UISHIOM:
w091 VN VN VN VN VN VN pr 13 O1PISO2A[3-D) uIsnIaMg
HO
€ HOO 00°%H
wir
Sm.: VN VN VN VN VN VN pRV d18uLdg
11801
HO0O
VN VN VN lect] VN VN Lect] uneInyng
M 0T M 00FCT ’
VT AVIH avid AVHI ~ MMID v 19V

sanfep 05)1

ampnng

juarpaiduy 2ARY

10D "L 3[qeL

218



Nutrients 2018, 10, 1580

219

m
[26] VN VN VN o mH\M;; xq VN 9PISOIN]3-C-UT)OUILLIOS]
W (uteysTUDD))
[09] 0G°8T :OAIA Xg VN VN VN VN SUOAC[JOSIAXOIPAYLY- F///'C
o
o NF
HO.
OH
2.1 o O00H HO ~U~U<
871 ooor zoaaxg VN VN VN VN o srumb-1de-[£0agyea-0-1p-g'e
O
OH
HO
126 -1eb
YW 9
[8el wr VN VN VN VN o soond-a
00°08 “0AIA X3 W o -g-1koTes-0-enaL-9'€'T'T
1e6-0
OH
OH
W Q (uzgreSoonio-¢)
o 1 -
le] VN VN VN VN 00°0€ :0ATA XT HO o oH 2s00n13-a-g-1AoeS-0-1
HO o OH
ApedQ suag ApedQ sua ER§ ]

At Paonpuj-3so[AX padnpur-3sojdees) SUWTIA AV pONPUL-IHURPS Sruadsuer], Yy ampnng (JUdaNJTISUO) JO Sse[))

(0521/99D1) sasoq

dureN juanjnsuo)

*SjuaN)Isu0203Ayd JO SaTANOR OAIA UL PUE OATA Xd JURAS[DI JO ATRWIWNG *Z d[qeL



Nutrients 2018, 10, 1580

(AT 08'£61°1€T)

HO
doxp £Ho0 00°H
) a£a proe o13urihs o0 S1GuLk
[9¢1] VN 947 OATA UT VN VN VN proe d13uridg
AT 026201
10AIA X7
HOOO
. Ox© OH
(@] yczonmxg VN VN VN VN « _ ugapodoog
00°fH
00fH
A o OH
B2l oer soaraxg VN VN VN VN HO O \ UeITyRLIEISN I
OHO
W (auouswowonP-f-Ax0IpAYIp
[ert] VN VN VN o VN ~£'6-(1huaydAxorp Aytp-5'¢)-)
869 :0AIA X7 u
09N |
fHO  O°H
OH
£HO
il

[801] VN VN VN GI'9ZL :0AIA U VN °HO *HO [oadny

F=0%H

£HO
AypedQ sua AypedQ sua ER ]

wovw —uwu.:ﬁ—:lwmc—%x“vmwuﬁﬂv-:nuwoﬁum—mu SR AV PpoonpuI-a3Iud[es u«ﬁowm-ﬂ.—.—.. AV Cﬁmﬂumumﬂcu jo mmﬁﬁuv

(0521/9D1) sasoq

ampnng

JureN JuUanjnsuo))

10D g dqeL

220



Nutrients 2018, 10, 1580

4. Discussion and Outlook

Despite the success in surgical replacement of the cataractous lens with an artificial intraocular lens,
discovery of pharmacological prevention and treatment of this blinding disorder has been an earnest,
continuous effort in ophthalmology research. In this review manuscript, we summarize findings
of phytoconstitutents and their pharmacological effects as potential anti-cataract agents. The large
number of interesting compounds is exciting. It raises hope that clinically useful medication may have
a good chance to be derived from this sizable collection of chemicals with diverse structural scaffolds.

Many of the compounds have potent and efficacious in vitro pharmacological activities that are
consistent with potential anti-cataract effects. For example, 1,2,3,6-tetra-O-galloyl-B-D-glucose inhibits
AGE formation with an ICs of 2 M. Both 1,3,5,8-tetrahydroxyxanthone and 2"/, 4”’-O-diacetylquercitrin
inhibit AR with ICsy values below 0.1 M. However, a major limitation of the listed compounds is that
although they have been shown to have the appropriate biological actions in a variety of in vitro or ex
vivo assays, many of them were not tested in animal cataract models. Additionally, a few have been
evaluated in only one animal model. Without relevant in vivo data, it is obviously very difficult to
develop the compounds into meaningful treatments for cataract patients.

In addition to the lack of invivo data, there are other challenges facing development of
anti-cataract pharmaceuticals. For example, cataract medication has to compete with the very
successfully and generally affordable (as least in developed countries) surgical procedure. Moreover,
pharmacological prevention of cataract formation is expected to require a long-term, likely multi-year,
administration of medicine, which, to some, is undesirable. Overcoming these challenges necessitates
careful considerations of drug safety, convenience of administration, and cost. These concerns may have
previously prohibited the development of certain agents. Nonetheless, we feel that phytoconstituents
are advantageous compared to conventional synthetic drugs. Many societies have been using plant
products from where some of the ingredients are derived for centuries, indicating long-term safety
and acceptance. The development path and clinical use will be similar to vitamins and phytochemicals
such as lutein and zeaxanthine. If proven safe, cost-effective, and most importantly, efficacious in
preventing or reversing cataract formation, phytoconstituents can be a revolutionary approach in the
treatment of cataract.

5. Conclusions

Despite the success in surgical replacement of the cataractous lens with artificial intraocular lens,
pharmacological prevention and treatment of this blinding disorder have been an earnest, continuous
effort in ophthalmology research. In this review manuscript, we summarize findings of 56 entries
of phytoconstitutents and their pharmacological effects as potential anti-cataract agents. The large
number of interesting compounds is exciting. It raises hope that clinically useful medication may have
a good chance to be derived from this sizable collection of chemicals with diverse structural scaffolds.

Many of the compounds have potent and efficacious in vitro pharmacological activities that
are consistent with potential anti-cataract effects. For example, 1,2,3,6-tetra-O-galloyl-B-D-glucose
inhibits AGE formation with an ICsq of 2 uM. Additionally, both 1,3,5,8-tetrahydroxyxanthone and
2" 4""-O-diacetylquercitrin inhibit AR with ICs values below 0.1 pM. However, a major limitation of
the listed compounds is that although they have been shown to have the appropriate biological actions
in a variety of in vitro or ex vivo assays, many of them were not tested in animal cataract models. And
a few have been evaluated in only one animal model. Without relevant in vivo data, it is obviously
very difficult to develop the compounds into meaningful treatments for cataract patients. We feel that,
by listing the comprehensive collection of phytocontituents in one place, this manuscript serves as
an overview and perhaps an inspiration to prompt additional studies in this important research area.
Collaborative efforts between phytochemists and cataract researchers are promisingly fruitful.

In addition to the lack of invivo data, there are other challenges facing development of
anti-cataract pharmaceuticals. For example, cataract medication has to compete with the very
successfully and generally affordable (as least in developed countries) surgical procedure. Moreover,
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pharmacological prevention of cataract formation is expected to require a long-term, likely multi-year,
administration of medicine, which, to some, is undesirable. Overcoming these challenges necessitates
careful considerations of drug safety, convenience of administration, and cost. These concerns may have
previously prohibited the development of certain agents. Nonetheless, we feel that phytoconstituents
are advantageous compared to conventional synthetic drugs. Many societies have been using plant
products where some of the ingredients are derived from for centuries, indicating long-term safety
and acceptance. The development path and clinical use will be similar to vitamins and phytochemicals
such as lutein and zeaxanthine. If proven safe, cost-effective, and most importantly, efficacious in
preventing or reversing cataract formation, phytoconstituents can be a revolutionary approach in the
treatment of cataract.
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