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Abstract: Glaucoma is a multifactorial disease in which pro-apoptotic signals are directed to retinal
ganglion cells. During this disease the conventional outflow pathway becomes malfunctioning.
Aqueous humour builds up in the anterior chamber, leading to increased intraocular pressure. Both
of these events are related to functional impairment. The knowledge of molecular mechanisms
allows us to better understand the usefulness of substances that can support anti-glaucoma therapy:.
The goal of glaucoma therapy is not simply to lower intraocular pressure; it should also be to
facilitate the survival of retinal ganglion cells, as these constitute the real target tissue in this disease,
in which the visual pathway is progressively compromised. Indeed, an endothelial dysfunction
syndrome affecting the endothelial cells of the trabecular meshwork occurs in both normal-tension
glaucoma and high-tension glaucoma. Some substances, such as polyunsaturated fatty acids, can
counteract the damage due to the molecular mechanisms—whether ischemic, oxidative, inflammatory
or other—that underlie the pathogenesis of glaucoma. In this review, we consider some molecules,
such as polyphenols, that can contribute, not only theoretically, to neuroprotection but which are also
able to counteract the metabolic pathways that lead to glaucomatous damage. Ginkgo biloba extract,
for instance, improves the blood supply to peripheral districts, including the optic nerve and retina
and exerts a neuro-protective action by inhibiting apoptosis. Polyunsaturated fatty acids can protect
the endothelium and polyphenols exert an anti-inflammatory action through the down-regulation of
cytokines such as TNF-o and IL-6. All these substances can aid anti-glaucoma therapy by providing
metabolic support for the cells involved in glaucomatous injury. Indeed, it is known that the food we
eat is able to change our gene expression.

Keywords: oxidative damage; primary open angle glaucoma; cell cultures; trabecular
meshwork NFkB

1. Introduction

Glaucoma is a neurodegenerative disease that causes progressive optical damage as a result of
the apoptosis of retinal ganglion cells (RGCs) and axon atrophy and degeneration, which extends to
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the visual areas of the brain cortex and finally leads to the characteristic optical-cup neuropathy and
irreversible visual loss (Figure 1). Many factors, including aging, genetic predisposition, exogenous
environmental and endogenous factors, play a role in the onset and development of glaucoma.
Moreover, several mechanisms are triggered, leading to retinal ganglion cell death due to oxidative
stress [1]; inflammation [2], due to mitochondrial dysfunction, endothelial dysfunction [3] and
hypoxia [4]; excitotoxicity [5] due to glial dysfunction; and altered axonal transport [6]. In this
scenario, glaucoma therapy is aimed solely at reducing intraocular pressure (IOP) and the only drugs
or substances commonly used are those which can achieve this. Evidence of an association between
diet and glaucoma is not yet clear. However, the intake of nitric oxide, which is present in the leaves of
some plants, is reported to be beneficial, while the intake of selenium and iron has a worsening effect [7].
The dietary intake of vitamins A and C has also proved beneficial in glaucoma [8]. Moreover, the role
of nutraceuticals in human pathology is evident [9], also at the ocular level [10,11]. This article focuses
on some substances that could support anti-glaucoma therapy in counteracting glaucomatous damage.
Given the vastness of the subject, we have limited ourselves to presenting only some substances that
may be of interest to the reader; we apologize for not being able to include some substances that have
known mechanisms and which are already used.
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Figure 1. This picture shows the whole eye and the iridocorneal angle, seen both two-dimensionally

and three-dimensionally, to explain the aqueous humour outflow pathway. Malfunctioning of the
trabecular meshwork causes IOP to increase. The conventional outflow pathway is probably the
tissue which is responsible for the proapoptotic signals that determine alterations of the optic nerve
head and of the visual field. The trabecular meshwork consists of endothelial cells immersed in their
fundamental substance. Aqueous humour flows through the intercellular spaces of the TM and crosses
the inner wall of Schlemm’s canal. From a functional point of view, the conventional aqueous outflow
is endowed with two barriers. The first is formed by the trabecular meshwork cells and the second by
the endothelial cells that line the lumen of Schlemm’s canal. Located between the iris and cornea, it has
a particular architecture, which considerably increases the filtration surface; its endothelial cells are
constantly in contact with free radicals. Oxidative stress is chiefly responsible for molecular damage to
its endothelial cells and triggers all those events that lead to glaucoma. Oxidative attack induces a loss
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of trabecular meshwork cells, impairing TM functionality. It is not known whether oxidative damage is
due to reduced antioxidant defences or to primary damage to mitochondria. In addition, free radicals
are implicated in the mechanism of senescence. During the course of glaucoma, the TM displays cell loss,
subclinical inflammation, increased accumulation of extracellular matrix, endothelial dysregulation
and dysfunction, changes in the cytoskeleton, altered motility and outflow impairment. The aqueous
humour proteome profile also undergoes dramatic changes, reflecting cellular and molecular damage
to the TM. We still do not know the mechanism that links trabecular damage to the apoptosis of
ganglion cells. From a clinical standpoint, the death of ganglion cells causes alterations in the visual
field. Furthermore, in glaucoma, the aqueous humour proteins, which are an expression of TM failure,
among other things, might constitute biological signals for the posterior segment, where the cascade of
events leading to the process of degeneration involves ganglion cells [12,13].

2. Glaucoma Pathogenesis

Glaucoma has some target tissues: the Retinal Ganglion Cells (RGCs) of the Optic Nerve Head
(ONH); the neuronal chain from the lateral geniculate nucleus to the visual cortex; and the trabecular
meshwork (TM) and Schlemm’s canal (SC), which constitute the conventional aqueous outflow
pathway (CAOP) (Figure 1). The CAOP is formed by endothelial cells: these act as a barrier [14,15]
and are able to change their shape in order to change their gene expression [12]. Therefore, the TM
has a real motility that is due to the muscle fibres of the ciliary body, which are able to modify the
spaces between the cells and also to change the number of cells exposed to the aqueous humour [12].
Interestingly, the overexpression of NO produces the enzyme endothelial nitric oxide synthase (eNOS),
resulting in increased outflow facility and/or decreased IOP [16,17]. This is probably because NO
binds the maxi-K channels and leads to relaxation of the TM, most likely by changing the conformation
of cytoskeletal proteins [18]. During the course of glaucoma, TM motility is impaired [19].

The TM shows striking morphological decay, its cellularity diminishing in a linear manner with
age, with a 47% reduction in the number of cells at 81 years of age [20]. During glaucoma, by contrast,
the loss of cells occurs in a gradient-like manner, with the inner tissues being most affected and the
outermost tissues least affected [21]. This process per se justifies the appearance of glaucoma. Therefore,
the genotype of senile trabecular cells is markedly increased [22] and, thus, age is a major risk factor
for glaucoma [23]. It should be noted that, with age, the resistance to outflow increases [24] and,
in the glaucomatous CAODP, elevated senescence-associated beta-galactosidase (SA- 3-Gal) cells are
present [25]. The senescence phenotype is associated with endothelial barrier dysfunction [26]. Cells
with this particular phenotype may be the result of exposure to different types of stress factors [27], in
particular to an oxidative environment [28].

The human eye is constantly exposed to sunlight and artificial lighting. Ultraviolet rays are able
to alter membranes, nucleic acids and cellular functions. They can also activate pathways that lead to
inflammation. In the eye, ultraviolet light does not directly reach the anterior chamber angle. However,
the CAOP is more susceptible to oxidative damage than other tissues of the anterior chamber [29].

Oxidative damage, as measured directly on the TM, is much greater in glaucomatous subjects
and is directly proportional to IOP and also to visual field defects [30]. Furthermore, visual-field
sensitivity appears to be related to a lower systemic antioxidant capacity, as measured by iron reduction
activity [31]. Oxidative DNA damage in the TM has been significantly correlated with age and reduced
autophagic activity plays a primary role in age-related diseases [32]. In the course of glaucoma, the
TM can be compared to a tissue that has aged greatly: there is a significant relationship between
oxidative DNA damage and autophagy activation, which is a lysosomal degradation pathway that
is essential to the survival and homeostasis of TM cells [33]. Chronic exposure to oxidation leads to
lysosomal basification and insufficient proteolytic activation of lysosomal enzymes and consequently
to decreased autophagic flux. This might be one of the factors underlying the progressive age-related
cell-function failure in the TM, which might contribute to the pathogenesis of primary open-angle
glaucoma [34].
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In the conventional outflow pathway, the mitochondrial deletion that occurs during glaucoma is
much greater than in healthy patients. This alteration occurs only in primary open-angle glaucoma
(POAG), in pseudoexfoliative glaucoma [35] and in primary congenital glaucoma [36]. An increase
in ROS that exceeds the antioxidant capacity of the tissue results in oxidative stress, contributing to
the aging process through the induction and further progression of cellular senescence. The defective
mitochondrial function in the TM cells of patients with glaucoma renders these cells abnormally
vulnerable to Ca++ stress, with subsequent failure of IOP control [37]. Conversely, the increased
expression of Sirtuin 1 (SIRT1) antagonizes the development of oxidative stress-induced premature
senescence in human endothelial cells [38]. SIRT1 is a member of the sirtuin family of nicotinamide
adenine dinucleotide (NAD+)-dependent histone deacetylases; it helps to regulate the lifespan of
several organisms and may provide protection against diseases related to oxidative stress-induced
ocular damage [39]. In the case of glaucoma, this is likely to occur through the interaction of SIRT1
with eNOS [40]. Indeed, eNOS activity in HTM cells regulates inflow and outflow pathways [41] and
the regulation of eNOS is, in turn, influenced by the activation of Rho GTPase signalling [42] in the AH
outflow pathway; this influences actomyosin assembly, cell adhesive interactions and the expression
of ECM proteins and cytokines in TM cells in a cascade-like manner [13]. Thus, oxidative stress causes
alterations of DNA and RNA and, as a result, will occur in protein and microRNA (MiRNA) [43].

MiRNAs are recognized as important post-transcriptional regulators of gene expression and
are known to modulate cellular functions relevant to the normal and pathological physiology of
the TM [44]. The chronic damage to the TM that occurs during open-angle glaucoma is reflected in
the protein expression of the trabecular cells that flow in the aqueous humour [45]. These proteins
accurately reflect the cascade of events that first leads to malfunction of the TM and then to IOP increase.
These proteins behave differently in the posterior segment. Indeed, they can become pro-apoptotic
signals for the optic nerve head. For instance, in the anterior chamber, AKAP 2 reflects impaired TM
motility, while in the posterior segment, an increase in this protein may be an intracellular signal that
leads to RGC death by apoptosis [43] (Figure 2). The health of these cells may be compromised by
many types of damage; in glaucoma, what probably occurs first is oxidative damage, which triggers
the so-called chain of glaucomatous events that lead to the progressive morpho-functional degradation
of this pathway. Pro-apoptotic signals are probably the result of the cell dysfunction occurring in
the TM and in Schlemm’s canal. Protecting these cells might therefore improve the clinical course
of glaucoma. Indeed, the foods that we consume every day are able to alter gene expression in cells,
thereby exerting a beneficial or harmful physiological effect. Nutrients therefore play a key role
in eye health [46]. For example, from what we have said about the pathogenesis of glaucoma, the
well-known substance ginseng has a modulating effect on autophagy, which reduces oxidative stress
and improves mitochondrial functions [47]; this substance could therefore be used as an adjuvant in
glaucoma therapy.
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Figure 2. Glaucoma stages. Row (a) representation of a normal optic nerve, which presents nerve fibre
layers and unaltered visual field. Row (b) early-stage glaucoma with initial optic disc excavation at the
fundus and loss of nerve fibres more pronounced in the superior sector that determines a nasal step in
the visual field. Row (c) moderate-stage glaucoma with partial optic disc excavation at the fundus and
loss of nerve fibres in the inferior sector, determining an arciform defect in the visual field. Row (d)
severe glaucoma, characterized by an excavated optic disc, loss of nerve fibres in both superior and
inferior sectors and absolute defects in all sectors of the visual field.

3. Oxidative Stress

Oxidative stress is a physiological adaptive mechanism that most living organisms, from bacteria
to humans, exploit in order to respond to environmental challenges, the ultimate aim being to survive.
Unlike common stress, which — in humans - is mediated by the hypothalamus, hypophysis and adrenal
glands, oxidative stress is under the control of the so-called redox system. The redox system plays a key
role in cell homeostasis and survival by modulating cell signalling, defence and detoxification. There
is a profound difference between physiological or oxidative eu-stress and pathological or oxidative
di-stress. Oxidative di-stress is an emerging health risk factor, which is related to early aging and most
common diseases, particularly glaucoma, although it is not always clear whether it is the cause or the
effect of each disease. Oxidative stress does not display any clinical picture.

The antioxidant “family” includes a number of enzymes (e.g., superoxide dismutase, catalase,
peroxidase and thioredoxins) and exogenous compounds (vitamins and vitamin-like antioxidant
compounds, such as polyphenols, oligoelements, etc.) [48] that exert preventive, radical-scavenging,
repair or adaptive functions [49]. These substance are uniformly distributed inside a living organism at
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both the extracellular and intracellular level [50]. In the extracellular compartment and, particularly, in
the blood plasma, all the compounds potentially able to exert a reducing effect that can counteract the
“electron avidity” of free radicals constitute the antioxidant plasma barrier. This barrier includes
plasma proteins (e.g., albumin), bilirubin, uric acid, cholesterol and all the exogenous, dietary
or pharmacological, antioxidants (e.g., ascorbate, tocopherol, polyphenols and so on) [51,52]. In
this regard, thiol compounds play a crucial role in ROS modulation [53]. Inside the cell, the
antioxidant defence system is well distributed in several compartments. Because the majority of
free radicals are generated in lipid layers, which are the sites of the enzymes necessary to catalyse
radical-producing reactions, the lipophilic antioxidants (i.e., ubiquinol, vitamin E and beta-carotene)
located in biomembranes constitute the first line of defence against ROS; the second line includes
water-soluble vitamin C, several members of the vitamin B group and so forth [54].

Interestingly, ROS themselves can stimulate the production of antioxidants, as evidenced by the
Nrf-2 system, which provides an excellent example of signal transduction through the involvement
of DNA [55]. Moreover, redox signalling molecules derived from the Kreb’s cycle can modulate
epigenetic adaptation through histone changes.

The redox system is differently expressed in the various tissues, organs, apparatuses and systems,
according to their differentiation. For instance, lens cells show the highest levels of glutathione found
in the body, while coenzyme Q10, being abundant in the mitochondria, can be found in many nucleated
cells other than red blood cells. This different distribution of redox system components in the body
may explain why some organs are more susceptible to oxidative di-stress than others. For instance, it
is well know that the primary targets of oxidative di-stress are the cardiovascular apparatus (especially
the endothelium), the nervous system (and hence the eye) and the skin.

The nervous system has a particularly differentiated redox system, with different features in
the neurons and in the glia. Neurons are particularly prone to oxidative distress because of: (i) their
prevalent aerobic metabolism (high content of mitochondria and hence high probability of ROS
generation); (ii) the high level of (oxidizable) unsaturated fatty acids (omega-3 and omega-6) in their
cell membranes; (iii) their relatively high availability of free iron (which catalyses hydroperoxide
breakdown to highly reactive ROS, according to the Fenton reaction); and (iv) a generally low ability
to accumulate vitamin E and coenzyme Q10 in their membranes. This basic knowledge can help
us to understand the “metabolic” origin of the ROS that are often detected in neurodegenerative
disorders. On the other hand, cell (micro)glia shows a reactive-like phenotype similar to that of
leukocytes/monocytes, owing to the abundance of NADPH oxidase, a new potential target of
pharmaco-redoxomics. In other words, glia activation may explain the “inflammatory” origin of
ROS, which are often associated to neurodegenerative disorders. Therefore, oxidative di-stress is
generally recognized to play a pathogenic role in early aging and in several inflammatory and/or
degenerative diseases, including atherosclerosis and hypertension (and their consequences, such
as stroke and myocardial infarction), Alzheimer’s disease, Parkinson’s disease, cancer [56] and
glaucoma [57]. Indeed, so-called silent inflammation or meta-inflammation, is the basis of the
so-called pandemics of the third millennium: metabolic syndrome, atherosclerosis, Parkinson’s disease,
cancer, infertility, iatrogenic pathologies, ophthalmic lesions and premature aging (oxy-inflammation,
inflammaging) [58].

The nervous part of eye, that is, the retina, derives from the brain; indeed, the optic nerve is
not a classical cranial nerve; rather, it is like a “protrusion” of the brain into the orbit. The eyes are
particularly prone to oxidative di-stress: the anterior part because of its exposure to radiations, the
posterior part because it is made up of nervous cells, in which the ROS excess derives either from
neurons or from glia.

According to this concept, exogenous and/or endogenous stimuli would trigger the production
of ROS, which would activate/inhibit specific biochemical pathways inside the cells, thus allowing
them to face environmental changes. For instance, the ROS hydrogen peroxide has proved able to
induce reversible oxidative changes of protein thiols, thus modulating key processes involved in cell
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homeostasis and survival [53,59]. A specific example of a ROS-mediated mechanism of adaptation is
seen in the production of oxidants (e.g. hydrogen peroxide and hypochlorous acid) by inflammatory
cells in order to protect the tissues against bacterial infections [60]. Another relevant example of
physiological modulation by reactive oxidizing species is provided by the nitric oxide pathway in
endothelial cells [61].

4. Polyunsaturated Fatty Acids

The polyunsaturated fatty acids (PUFA) designated by the abbreviation omega 3 (or n-3) are
so-called because the double bond closest to the methyl end is separated from it by 3 carbon atom:s,
which determines the secondary structure that influences their physical properties. Omega-6 and
omega-3 fatty acids are essential nutrients and important structural components of cell membranes
and are preferentially incorporated into phospholipids [62]. PUFA are able to influence cell membrane
properties, such as fluidity, flexibility, permeability and the activity of membrane-related enzymes,
transport functions, ion-channel formation and receptors that control metabolite degradation and
signals (hormones) between and within cells [63]. Blood levels of omega-3 and omega-6 fatty acids may
differ by as much as 30% among individuals; indeed, blood concentrations of fatty acids reflect both
dietary intake and biological processes [64]. Docosahexaenoic acid (DHA) is selectively incorporated
into retinal cell membranes and postsynaptic neuronal cell membranes [65]. When omega-3 fatty
acid intake is low, the retina conserves and recycles DHA, particularly within the outer segments
of the rod photoreceptors, where it is found at its highest concentration [66]. Thus, DHA plays an
important role in the regeneration of the visual pigment rhodopsin [67]. The phospholipids of neural
membranes also contain high proportions of DHA, which is localized in synaptosomes [68]. DHA
is able to influence very important processes in the brain, such as synaptic plasticity, neurogenesis,
synaptogenesis and neurite growth [62]. PUFA are important for neuronal membrane integrity and
function and also contribute to the prevention of brain hypoperfusion resulting from obesity or
cerebrovascular diseases [69].

There are several reasons for believing that the use of polyunsaturated fatty acids has a rationale
in adjuvant therapy in glaucoma. The first is that they exert a highly protective effect on endothelial
cells [70,71]. The aging endothelium shows significant changes in function, as do the cells that
compose the conventional outflow pathway. This could be partly due to high levels of oxidative
stress and ischemia. Adenosine monophosphate-activated protein kinase (AMPK) regulates cellular
metabolism, proliferation and aging processes [72]. AMPK is the main energy sensor of all living
cells and is involved in neuronal activity [73]. Moreover, AMPK is protective against myocardial
ischemia [74] and in the entire heart [75]. In addition, this molecule reduces oxidative stress in brain
injury through the modulation of the signalling type 2 cannabinoid receptor [76]. Indeed, the activation
of AMPK inhibits the production of ROS induced by mitochondrial dysfunction, ER stress and NADPH
oxidase. Finally, AMPK inhibits the production of pro-inflammatory factors, preventing endothelial
dysfunction by increasing the bioavailability of nitric oxide [77]. In the eye, AMPK has proved to be
a critical regulator of ECM homeostasis and cytoskeletal arrangement in the TM [78], both of which
are of relevance to glaucoma, the former because the TM is organized into a network of beams, with
ECM/matrix occupying the spaces between the beams [79] and the latter because the motility of the
TM is fundamental to its functioning [12]. One of the molecular mechanisms by which the acids
EPA and DHA prevent ischemic injury is the activation of extracellular signal-regulated AMPK and
endothelial nitric oxide synthase (eNOS) [80]. Omega-3 fatty acids also reduce blood viscosity [81],
probably because they improve the deformability of the red blood cells [82].

Several inflammatory molecules are up-regulated during glaucoma (Figure 3). These include
vascular endothelial growth factor (VEGEF), interleukins and tumour necrosis factor alpha (TNF-c) [83].
Hypoxia and NO are activators of VEGF, which is able to influence the optic axon, though the
mechanism is not yet clear [84]. In the anterior segment, increased levels of VEGF have been observed,
particularly in the TM, where its presence could be linked to the presence of other factors, such as
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interleukins, all of which are directly /indirectly involved in the TM tissue remodelling process [85].
Indeed, during glaucoma, all these cytokines can induce ECM remodelling and alter cytoskeletal
functions in the TM [86]. Specifically, IL6, which increases as a result of oxidative stress, is able to
improve perfusion in porcine eyes and is also implicated in the induction of senescence [87] and in the
modulation of barrier functions of the endothelium of the TM [88], while IL8 is able to modulate the
permeability of the endothelial cells of Schlemm’s canal [89].
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Figure 3. Inflammation due to oxidative stress is the basis both of alterations to the conventional outflow
pathway, leading to IOP increase [13] and of the alterations that induce apoptosis of RGCs. Indeed,
in glaucoma, the expression of inflammatory genes occurs. ROS also activate transcription factor
NF-kB, which induces the expression of various agents, including pro-inflammatory cytokines (IL-1/6,
TNF-«) [90]. Pro-inflammatory cytokines, such as TNF-« or interleukins, are up-regulated, inducing
intracellular and extracellular ROS production in human RPE cells [91]. Between oxidative stress
and inflammation, NF-kB plays a strategic role, entering into the nucleus to induce transcription of a
myriad of genes that mediate diverse cellular processes, such as immunity, inflammation, proliferation,
apoptosis and cellular senescence [92].

TNF-« is a pro-inflammatory cytokine that is also able to perform neuroprotective functions.
Indeed, this cytokine acts through two distinct receptors: TNF-R1 and TNF-R2 and its activity changes
according to the activation of one or the other of these 2 receptors. The first receptor, if activated, leads
to the recruitment of immune cells, causing inflammation (Figure 3) and can also activate enzymes
that induce oxidative stress [93]. The second one, by contrast, plays an active role in neuroprotection,
as it supports tissue homeostasis and promotes tissue regeneration [94]. This effect is dependent
on the activation of the NFkB pathway by the stimulation of TNF-R2, which translocates into the
nucleus of cortical neurons, thus presumably exerting a protective effect against excitotoxicity [95].
However, it should be emphasized that in vitro experiments have demonstrated that TNF-oc can induce
RGCs apoptosis via caspase-3 and -8 activation or through oxidative stress induced by mitochondrial
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dysfunction [93]. Furthermore, increased ROS formation can directly determine neuronal cell death.
The ROS activating the NFkB pathway in the glial cells activates inflammation, which in turn activates
NADPH oxidase, which in turn leads to the production of ROS, thus triggering a vicious circle
(Figure 3).

In this context, Omega-3 polyunsaturated fatty acids, which have well-documented
anti-inflammatory properties, may have therapeutic potential in chronic inflammatory diseases, such
as glaucoma. Indeed, Wang et al. [96] found that increasing the daily dietary intake of PUFA, including
w-3 fatty acids, was associated with a significant decrease in the probability of glaucoma. Finally, oral
omega-3 supplementation for 3 months has been seen to significantly reduce IOP in normotensive
adults [97] and in pseudoexfoliative glaucoma [98].

Another substance that has anti-inflammatory properties is quercetin; this flavonoid can be
isolated from many plant species, including Ginkgo Biloba, which we will discuss below. Baicalin
is also a known bioflavonoid, the neuroprotective efficacy of which seems to be strictly related to its
anti-inflammatory and antioxidant functions, as well as its ability to protect the mitochondria and to
inhibit glutamate-induced neurotoxicity [99]. Flavonoids are widespread in nature, being found in a
vast range of plants, including citrus fruits, grapes, tomatoes, berries and green tea; more than 5000
compounds that exert beneficial effects on health are known. An emblematic example is ginkgo biloba.

5. Ginkgo Biloba Extract

Ginkgo is an ancient species of tree that has features in common with plants that lived 270
million years ago. Extracts from the leaf of the maidenhair tree, Ginkgo biloba, have been used to treat
pulmonary disorders in Chinese traditional medicine since 3000 BCE [100] and are used worldwide as
a herbal medicine [101]. Ginkgo biloba extract (GBE) is the most widely used drug in Germany. In the
USA, it is a freely available nutritional supplement. In modern medical science, GBE is indicated for
the treatment of cognitive impairment and dementia [102] but has also proved effective in diseases
associated with aging, such as vascular disease, tinnitus, asthma and erectile dysfunction. As glaucoma
and Alzheimer’s dementia display many biological and mechanistic similarities [103], some authors
have investigated the possibility of using GBE to treat glaucomatous optic neuropathy. Indeed,
many of the properties of GBE can be useful in the treatment of non-IOP-dependent risk factors in
glaucoma [104].

GBE is mainly composed of flavonoids such as quercetin and rutin and terpenoids such as
bilobalide and ginkgolides [105,106]. Several studies on experimental systems and tissues have
demonstrated the efficacy of GBE in reducing free-radical damage and lipid peroxidation [107-112]
and some have demonstrated the benefits of EGb761 in Alzheimer’s, vascular dementia and cognitive
impairment [113-115]. Various preclinical studies have also demonstrated the neuroprotective effects
of EGb761 [116-118]. Currently, EGb761 seems to prevent neurodegenerative dementias associated
with aging, Alzheimer’s Disease (AD), peripheral vascular diseases and neurosensory problems (e.g.,
tinnitus) and its use is common in these disorders [119,120].

One of the possible properties of GBE is that it may increase blood flow, perhaps by reducing
the viscosity of the blood. Indeed, one study found that it increased perfusion in skin and nail bed
capillaries, prompting the authors to speculate that it might lower blood viscosity without changing
laboratory coagulation parameters [121]. GBE should not be taken by patients on anticoagulant
therapy [122], as it may interact with anticoagulant and antiplatelet agents [123]. Indeed, GBE seems
to be associated with spontaneous bleeding (e.g., sub-arachnoid haemorrhage [124,125], subdural
hematomas [126] and hyphema [127] and strongly inhibits platelet-activating factor (PAF) [128,129],
which promotes platelet aggregation, neutrophil degranulation and oxygen radical production [130].
Moreover, oxidative stress can raise the concentration of PAF [131], elevated levels of which have been
found in experimental ischemic cerebral injury [132]; it may also increase glutamate excitotoxicity in
brain injury [133]. By contrast, GBE has been seen to prevent glutamate neurotoxicity in a murine
model [134].
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The retina is endowed with PAF receptors and PAF is reported to increase glutamate release in the
retina, too [135]. However, GBE treatment has been seen to exert positive effects on PAF-induced ERG
disturbances in a rat model [136]. Thus, GBE may be able to inhibit glutamate release, thereby providing
neuroprotection in glaucomatous optic neuropathy [137]. It has also been shown experimentally
that GBE protects against lipid peroxidation in erythrocytes [138] and that the inhibition of lipid
peroxidation by GBE protects the vascular endothelium [139] and rat spinal cord [140]. GBE can also
rid the tissues of free radicals [141,142]. Some studies have investigated the direct ocular effects of
GBE. In a randomized, prospective, double-blind, cross-over trial in normal eyes, oral GBE improved
ocular blood flow, without affecting blood pressure, heart rate or IOP [143]. Other ocular effects, such
as reduced retinal degeneration after intravitreous injection of proteolytic enzymes, have been seen in
rabbits [144]. Indeed, again in the rabbit eye, the intravitreous injection of GBE reduced the induced
vitreoretinal proliferation, perhaps through radical scavenging [145]. In another study, GBE seemed to
improve colour vision in patients with diabetic retinopathy [146]. Systemically, GBE has proved useful
in AD [147], in terms of functional and cognitive assessment. As visual field variability is affected by
alertness and fatigue [148,149], it is possible to speculate that improving the neurological condition
could have a positive but reversible, effect on the visual field [150].

The role of mitochondrial dysfunction in the pathogenesis of glaucoma has now been clarified by
a large number of studies [151]. Because only anti-oxidants are able to penetrate into the mitochondria,
they may be useful as neuroprotective agents. Some of the molecules contained in GBE, such as
polyphenolic flavonoids, may help to prevent oxidative stress in the mitochondria and preserve
RGCs [30,103,152]. Accordingly, in normal-tension glaucoma (NTG) patients, oral GBE therapy has
been seen to improve visual field defects and visual field indexes [153]. In another study, however,
GBE was not able to improve contrast sensitivity or visual field damage in Chinese patients with
NTG [154]. Both of these studies were limited by their short follow-up period and small sample size.
In any case, GBE displays a relatively safe profile [155] and, despite the inconclusive nature of clinical
studies on its neuroprotective effect, some glaucoma specialists have been prescribing GBE for their
patients as an adjuvant therapy for many years [156].

However, the reported increased risk of bleeding during surgery can increase the risk of adverse
events [157]. Nevertheless, a daily dose of 120 mg of oral GBE is reported to be highly efficacious
and safe [155]. Moreover, the administration of GBE is associated with a reduction in IOP in most
glaucoma patients and with a lower economic burden. However, GBE can be considered a valuable
tool only in patients affected by NTG; in those with high-tension glaucoma (HTG) it can be used only
if the disease is in remission and IOP has been adequately reduced [156].

Medical, laser and surgical treatments for glaucoma throughout the twentieth century focused on
methods of lowering IOP. However, despite successful lowering of IOP, many patients continue to
suffer progressive damage, which implies the presence of non-IOP-dependent risk factors. In addition,
some glaucoma patients do not have elevated IOP: that is, they have NTG. Nevertheless, the damage
to the visual field is similar in both types of glaucoma, even though the pathogenic factors involved are
considerably different and their topography is also different. Indeed, localized nerve fibre layer defects
in NTG are reported to be closer to the fovea and of greater width than those in POAG [158]. Vascular
or perfusion abnormalities in NTG include the increased frequency of migraine headaches, Raynaud’s
phenomenon and sleep apnoea [159]. In NTG, RGC death is not determined by IOP increase; other
factors are of pathogenetic relevance. Indeed, blood vessel injury in glaucoma may contribute to
altered local blood flow modulation and the vascular theory of glaucoma pathogenesis could explain
cases of NTG [160]. Retinal ischemic injury results in a self-sustained cascade involving neuronal
depolarization, calcium influx and oxidative stress; this cascade is triggered by an energy deficit and
an increase in glutamatergic stimulation [161], leading to the loss of RGCs [162-164]. Values of optic
nerve head blood flow decrease with increasing age [165]. Normal-tension glaucoma increases in
prevalence with age [166] and is associated with ocular hemodynamic abnormalities [167]. Elevated
IOP is accompanied by a reduction in ocular blood flow parameters [168-171], while reducing IOP
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improves these parameters [172]. Optic nerve sheath decompression improves visual function in
patients with papilledema [173] and anterior ischemic optic neuropathy [174]. These changes have
been attributed to improved blood flow velocities and decreased resistance in the central retinal artery
and posterior ciliary arteries.

Numerous investigators have examined the effects of IOP-lowering drugs on ocular blood flow
in humans [175-181]. Both Chinese herbal preparations and acupuncture [182] have been reported
to improve ocular blood flow. More recently, the application of neuroprotection to the treatment of
non-IOP-dependent glaucomatous damage has received increasing attention. In addition to the greater
awareness of the extent of normal-tension glaucoma in the population, it has been seen many patients
with high-tension glaucoma continue to suffer progressive visual field loss after normalization of
IOP [183,184]. It has been postulated that excitatory amino acids, particularly glutamate, play a role
in the progression of glaucomatous damage at normal levels of IOP [185]. Larger ganglion cells are
particularly susceptible to glutamate toxicity [186]. Elevated glutamate levels have been found in
the vitreous of glaucoma patients, with higher levels in patients with worse disease [187]. It is still
uncertain, however, whether high vitreous levels of glutamate are a cause or a result of damage or
both but such concentrations are sufficient to cause significant damage to the RGCs.

The progressive loss of nerve cells constitutes a general pattern of damage in neurologic diseases,
so that, regardless of the primary cause of neuronal cell death, damage spreads beyond directly
injured neurons to adjacent neurons that escape the primary lesion [188,189]. Whether the primary
lesion is caused by hypoxia—ischemia, stroke, seizure disorders, trauma or degenerative disease,
changes in the extracellular environment include alterations in ion concentrations, increased free
radical concentrations, neurotransmitter release, depletion of growth factors and immune system
involvement [188,190]. These changes lead to apoptosis [191-194]. Although neuroprotective strategies
and pharmaceutical agents have been initiated in the treatment of numerous disorders of the central
and peripheral nervous systems, including trauma, epilepsy, stroke, Huntington’s disease, amyotrophic
lateral sclerosis, AIDS and dementia, none have yet been applied to the treatment of glaucoma. GBE
has numerous properties which, theoretically, should be beneficial in treating non-IOP-dependent
mechanisms in glaucoma. Its multiple beneficial actions, including increased ocular blood flow,
antioxidant activity, platelet-activating factor inhibition, nitric oxide inhibition and neuroprotective
activity, combine to suggest that GBE could prove to be of major therapeutic value in the treatment
of glaucoma.

6. Polyphenols

Polyphenols are plant-derived organic substances, the chemical structure of which requires the
presence of at least one phenol, which may be substituted in various ways. Polyphenols can be
divided into different subclasses, according to the number of phenolic rings present in their structure.
They comprise 4 families: simple phenolic acids (e.g., caffeic, ellagic and vanillic), stilbenes (e.g.,
resveratrol), coumarins and flavonoids. Polyphenols are very common in nature and their distribution
is almost ubiquitous. All these substances display poor intestinal absorption, which conditions their
bioavailability. Moreover, they have several biological properties, including the ability to chelate toxic
and transition metals, to modulate the distribution of bacterial populations comprising the intestinal
microbiota, to induce the synthesis of endogenous antioxidants through the transcription factor Nrf2
and to inhibit the NFkB factor [57]. Interestingly, they are also associated with the mechanism of
Nuclear factor erythroid-2-related factor 2 (N1f2), a transcription factor that is up-regulated in times of
oxidative stress. Indeed, this factor protects the cell from oxidative stress. In the absence of oxidative
stress, Nrf2 remains in the cytosol but in the presence of ROS the Keapl protein allows Nrf2 to
translocate into the nucleus, activating the transcription of antioxidant enzymes by binding to the
antioxidant response element in the promoter regions of its target genes [195]. Nrf2 is involved in
protection against diseases due to oxidative stress [196] and particularly in neurodegeneration [197].
Indeed, intracellular ROS generated in the mitochondria play an important role in the activation
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of Nrf2 and up-regulation of antioxidant and detoxification systems [198]. Furthermore, Nrf2 has
proved to be useful in protecting RGCs against oxidative damage in vivo [199] and constitutes an
important cytoprotective mechanism in the retina in response to ischemia-reperfusion injury [200],
thereby exerting a real neuroprotective function [201]. It is interesting that, in glaucomatous cells
of the TM, Nrf2 is down-regulated in comparison with healthy TM cells and could play a role in
the apoptosis of trabecular cells by regulating apoptosis-related proteins [202]; this effect is probably
due to microRNA-93, which is able to inhibit the expression of Nrf2 in TM cells in glaucomatous
subjects [203].

Another important effect of polyphenols that has implications for glaucoma is their impact on
mitochondria. The important role of mitochondrial damage in POAG is supported by the finding
that myocilin, which is the product of a gene that has been linked with open-angle glaucoma [204],
alters mitochondrial functions in human trabecular cells [205]. More specifically, during glaucoma,
TM cells with up-regulated myocilin can be prompted to trigger the depolarization and death
of mitochondria [206]. Glaucoma is now known to be associated with decreased mitochondrial
respiration, increased mitochondrial ROS production, dysregulation of mitochondrial biogenesis,
decreased mitophagic signalling and increased apoptosis [207,208]. One extremely important factor is
the peroxisome proliferator-activated receptor gamma coactivator 1 family (PGC-1), which in many
tissues [209] organizes mitochondrial biogenesis and the expression of mitochondrial transcription
factor A (TFAM), a key factor that controls mtDNA replication and transcription [210].

Many polyphenols have the ability to activate Sirtuin 1 (SIRT1), which in turn activates
PGC-1 [211]. Substances such as resveratrol or quercetin are able to exert these functions.
Specifically, resveratrol is able to increase mitochondrial mass and mitochondrial DNA content in
endothelial cells by up-regulating endothelial nitric oxide (NO) synthase (eNOS) in a SIRT1-dependent
manner. Indeed, in one study, SIRT1 was induced and endothelial nitric oxide (NO) synthase
(eNOS) was up-regulated [212]. Curcumin is also able to increase PGC-1 levels by improving
mitochondrial membrane potential (MMP) and ATP levels in the brain of senescent mice [213].
Curcumin is an antioxidant, in that it induces the expression of cytoprotective proteins or
antioxidant enzymes such as superoxide dismutase, catalase, glutathione reductase, glutathione
peroxidase and glutathione-S-transferase [214]. Moreover, polyphenols such as resveratrol and
epigallocatechin-3-gallate activate detoxifying and antioxidant enzymes by means of the common
transcription factor Nrf2 [215].

Polyphenols derived from red wine, tea and dark chocolate regulate vascular reactivity by
targeting endothelial nitric oxide synthase (eNOS) and inducing nuclear accumulation of Nrf2 [216];
this enhances the bioavailability of NO [217], which, by reacting with superoxide anions to form
peroxynitrite, up-regulates the nuclear accumulation of Nrf2, thus protecting RGCs cells from
glycation-induced neurotoxicity. Finally, polyphenols reduce inflammation through a number of
mechanisms, such as the reduction of the expression of cytokines such as IL-2 IL-6 and TNF-alpha.
This is associated with the activation of the transcription factor NF-« B, which regulates the release
of these mediators of inflammation [218] (Figure 3). Curcumin reduces the systemic and tissue
inflammatory response by preventing the release of TNF-oc and C-reactive protein [219].

7. Conclusions

Epidemiological studies have shown that various fruits and vegetables can act as chemo-protective
agents, as the different substances contained in them can interact with the pathogenetic mechanisms
of many diseases. Indeed, they are able to regulate several cellular molecular pathways involved in
the regulation of inflammation, redox potentials, metabolic disorders and apoptosis. Many natural
substances and the metabolic pathways and interactions in which they are involved deserve to be
investigated. Much more could be said about the substances that we have briefly described. However,
the purpose of this review is limited to arousing interest in the possible use of some of these in the
adjuvant therapy of glaucoma.
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Glaucoma is still a challenge for researchers, not only on account of its complexity but also because
of all the substances and metabolic pathways involved. Moreover, the target cells in the eye which are
involved in the pathogenesis of glaucomatous disease are very varied; for this reason, simply reducing
IOP is not sufficient to guarantee a good prognosis in this disease. The use of adjuvants to counter the
basic mechanisms underlying the pathogenesis of glaucoma therefore appears to be a goal to pursue.

Author Contributions: Conceptualization, S.C.S. and P.C.; methodology, P.C.; software, D.F,; validation, E.L.L
and S.S.; formal analysis, D.E; investigation, S.G.; resources, C.E.T.; data curation, P.C.; writing—original
draft preparation, S.C.S.; writing—review and editing, S.C.S.; visualization, P.C.; supervision, S.G.; project
administration, C.E.T.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Izzotti, A.; Bagnis, A.; Sacca, S.C. The role of oxidative stress in glaucoma. Mutat. Res. 2006, 612, 105-114.
[CrossRef] [PubMed]

2. Russo, R.; Varano, G.P.; Adornetto, A.; Nucci, C.; Corasaniti, M.T.; Bagetta, G.; Morrone, L.A. Retinal ganglion
cell death in glaucoma: Exploring the role of neuroinflammation. Eur. ]. Pharmacol. 2016, 787, 134-142.
[CrossRef] [PubMed]

3.  Izzotti, A.; Sacca, S.C.; Di Marco, B.; Penco, S.; Bassi, A.M. Antioxidant activity of timolol on endothelial cells
and its relevance for glaucoma course. Eye (Lond.) 2008, 22, 445-453.

4. Flammer, J.; Konieczka, K. Retinal venous pressure: The role of endothelin. Epma J. 2015, 6, 21. [CrossRef]
[PubMed]

5. Gauthier, A.C.; Liu, J. Neurodegeneration and Neuroprotection in Glaucoma. Yale J. Biol. Med. 2016, 89,
73-79. [PubMed]

6. Cooper, M.L.; Collyer, ] W.; Calkins, D.J. Astrocyte remodelling without gliosis precedes optic nerve
Axonopathy. Acta Neuropathol. Commun. 2018, 6, 38. [CrossRef] [PubMed]

7. Ramdas, W.D. The relation between dietary intake and glaucoma: A systematic review. Acta Ophthalmol.
2018, 96, 550-556. [CrossRef] [PubMed]

8.  Ramdas, W.D.; Schouten, ].5.A.G.; Webers, C.A.B. The Effect of Vitamins on Glaucoma: A Systematic Review
and Meta-Analysis. Nutrients 2018, 10, 359. [CrossRef]

9. Rehman, M.U.; Wali, A.F,;, Ahmad, A.; Shakeel, S.; Rasool, S.; Ali, R.; Rashid, S.M.; Madkhali, H;
Ganaie, M.A.; Khan, R. Neuroprotective Strategies for Neurological Disorders by Natural Products: An
update. Curr. Neuropharmacol. 2018. [CrossRef]

10. Mares, J. Lutein and Zeaxanthin Isomers in Eye Health and Disease. Annu. Rev. Nutr. 2016, 36, 571-602.
[CrossRef]

11. Sacca, S.C.; Cutolo, C.A.; Ferrari, D.; Corazza, P; Traverso, C.E. The Eye, Oxidative Damage and
Polyunsaturated Fatty Acids. Nutrients 2018, 10, 668. [CrossRef] [PubMed]

12.  Sacca, S.C.; Gandolfi, S.; Bagnis, A.; Manni, G.; Damonte, G.; Traverso, C.E.; Izzotti, A. The Outflow Pathway:
A Tissue with Morphological and Functional Unity. J. Cell Physiol. 2016, 231, 1876-1893. [CrossRef] [PubMed]

13.  Zhang, M.; Maddala, R.; Rao, P.V. Novel molecular insights into RhoA GTPase-induced resistance to aqueous
humour outflow through the trabecular meshwork. Am. . Physiol. Cell Physiol. 2008, 295, C1057—-C1070.
[CrossRef] [PubMed]

14. Alvarado,].A.; Yeh, R.E,; Franse-Carman, L.; Marcellino, G.; Brownstein, M.]. Interactions between endothelia
of the trabecular meshwork and of Schlemm’s canal: A new insight into the regulation of aqueous outflow
in the eye. Trans. Am. Ophthalmol. Soc. 2005, 103, 148-162. [PubMed]

15. Keller, K.E.; Kelley, M.].; Acott, T.S. Extracellular matrix gene alternative splicing by trabecular meshwork
cells in response to mechanical stretching. Investig. Ophthalmol. Vis. Sci. 2007, 48, 1164-1172. [CrossRef]
[PubMed]

16. Dismuke, W.M.; Mbadugha, C.C.; Ellis, D.Z. NO-induced regulation of human trabecular meshwork cell
volume and aqueous humour outflow facility involve the BKCa ion channel. Am. J. Physiol. Cell Physiol.
2008, 294, C1378-C1386. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.mrrev.2005.11.001
http://www.ncbi.nlm.nih.gov/pubmed/16413223
http://dx.doi.org/10.1016/j.ejphar.2016.03.064
http://www.ncbi.nlm.nih.gov/pubmed/27044433
http://dx.doi.org/10.1186/s13167-015-0043-1
http://www.ncbi.nlm.nih.gov/pubmed/26504500
http://www.ncbi.nlm.nih.gov/pubmed/27505018
http://dx.doi.org/10.1186/s40478-018-0542-0
http://www.ncbi.nlm.nih.gov/pubmed/29747701
http://dx.doi.org/10.1111/aos.13662
http://www.ncbi.nlm.nih.gov/pubmed/29461678
http://dx.doi.org/10.3390/nu10030359
http://dx.doi.org/10.2174/1570159X16666180911124605
http://dx.doi.org/10.1146/annurev-nutr-071715-051110
http://dx.doi.org/10.3390/nu10060668
http://www.ncbi.nlm.nih.gov/pubmed/29795004
http://dx.doi.org/10.1002/jcp.25305
http://www.ncbi.nlm.nih.gov/pubmed/26754581
http://dx.doi.org/10.1152/ajpcell.00481.2007
http://www.ncbi.nlm.nih.gov/pubmed/18799648
http://www.ncbi.nlm.nih.gov/pubmed/17057799
http://dx.doi.org/10.1167/iovs.06-0875
http://www.ncbi.nlm.nih.gov/pubmed/17325160
http://dx.doi.org/10.1152/ajpcell.00363.2007
http://www.ncbi.nlm.nih.gov/pubmed/18385281

Nutrients 2019, 11, 239 14 of 23

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Stamer, W.D.; Lei, Y.; Boussommier-Calleja, A.; Overby, D.R.; Ethier, C.R. ENOS, a pressure dependent
regulator of intraocular pressure. Investig. Ophthalmol. Vis. Sci. 2011, 52, 9438-9444. [CrossRef] [PubMed]
Rocha-Sousa, A.; Rodrigues-Araujo, J.; Gouveia, P.; Barbosa-Breda, J.; Azevedo-Pinto, S.; Pereira-Silva, P.;
Leite-Moreira, A. New therapeutic targets for intraocular pressure lowering. Isrn Ophthalmol. 2013, 2013,
261386. [CrossRef]

Khurana, R.N.; Deng, PF,; Epstein, D.L.; Vasantha Rao, P. The role of proteinkinase C in modulation of
aqueous humour outflow facility. Exp. Eye Res. 2003, 76, 39-47. [CrossRef]

Alvarado, J.; Murphy, C.; Polansky, J.; Juster, R. Age-related changes in trabecular meshwork cellularity.
Investig. Ophthalmol. Vis. Sci. 1981, 21, 714-727.

Alvarado, ].; Murphy, C.; Juster, R. Trabecular meshwork cellularity in primary open-angle glaucoma and
nonglaucomatous normals. Ophthalmology 1984, 91, 564-579. [CrossRef]

Babizhayev, M.A.; Yegorov, Y.E. Senescent phenotype of trabecular meshwork cells displays biomarkers in
primary open-angle glaucoma. Curr. Mol. Med. 2011, 11, 528-552. [CrossRef] [PubMed]

Guedes, G.; Tsai, ].C.; Loewen, N.A. Glaucoma and aging. Curr. Aging Sci. 2011, 4, 110-117. [CrossRef]
[PubMed]

Gabelt, B.T.; Kaufman, P.L. Changes in aqueous humour dynamics with age and glaucoma. Prog. Retin
Eye Res. 2005, 24, 612—637. [CrossRef] [PubMed]

Liton, P.B.; Challa, P; Stinnett, S.; Luna, C.; Epstein, D.L.; Gonzalez, P. Cellularsenescence in the glaucomatous
outflow pathway. Exp. Gerontol. 2005, 40, 745-748. [CrossRef] [PubMed]

Venkatesh, D.; Fredette, N.; Rostama, B.; Tang, Y.; Vary, C.P,; Liaw, L.; Urs, S. RhoA-mediatedsignaling in
notch-induced senescence-like growth arrest and endothelialbarrier dysfunction. Arterioscler. Thromb. Vasc.
Biol. 2011, 31, 876-882. [CrossRef] [PubMed]

Spector, A.; Ma, W.; Wang, R.R. The aqueous humour is capable of generatingand degrading H,O,.
Investig. Ophthalmol. Vis. Sci. 1998, 39, 1188-1197.

Caballero, M,; Liton, P.B.; Epstein, D.L.; Gonzalez, P. Proteasome inhibition bychronic oxidative stress in
human trabecular meshwork cells. Biochem. Biophys. Res. Commun. 2003, 308, 346-352. [CrossRef]

Izzotti, A.; Sacca, S.C.; Longobardi, M.; Cartiglia, C. Sensitivity of ocular anterior chamber tissues to oxidative
damage and its relevance to the pathogenesis of glaucoma. Invest. Ophthalmol. Vis. Sci. 2009, 50, 5251-5258.
[CrossRef] [PubMed]

Sacca, S.C.; Pascotto, A.; Camicione, P.; Capris, P; Izzotti, A. Oxidative DNA damage in the human trabecular
meshwork: Clinical correlation in patients with primary open angle glaucoma. Arch. Ophthalmol. 2005, 123,
458-463. [CrossRef]

Tanito, M.; Kaidzu, S.; Takai, Y.; Ohira, A. Association between systemic oxidative stress and visual field
damage in open-angle glaucoma. Sci. Rep. 2016, 6, 25792. [CrossRef]

Vilchez, D.; Saez, I; Dillin, A. The role of protein clearance mechanisms in organismal ageing and age-related
diseases. Nat. Commun. 2014, 5, 5659. [CrossRef] [PubMed]

Pulliero, A.; Seydel, A.; Camoirano, A.; Sacca, S.C.; Sandri, M.; Izzotti, A. Oxidative damage and autophagy
in the human trabecular meshwork as related with ageing. PLoS ONE 2014, 9, €98106. [CrossRef] [PubMed]
Porter, K.; Nallathambi, J.; Lin, Y.; Liton, P.B. Lysosomal basification and decreased autophagic flux in
oxidatively stressed trabecular meshwork cells: Implications for glaucoma pathogenesis. Autophagy 2013, 9,
581-594. [CrossRef] [PubMed]

Izzotti, A.; Longobardi, M.; Cartiglia, C.; Sacca, S.C. Mitochondrial damage in the trabecular meshwork
occurs only in primary open-angle glaucoma and in pseudoexfoliative glaucoma. PLoS ONE 2011, 6, e14567.
[CrossRef] [PubMed]

Tanwar, M.; Dada, T.; Sihota, R.; Dada, R. Mitochondrial DNA analysis in primary congenital glaucoma.
Mol. Vis. 2010, 16, 518-533. [PubMed]

He, Y.; Ge, ].; Tombran-Tink, J. Mitochondrial defects and dysfunction in calcium regulation in glaucomatous
trabecular meshwork cells. Invest. Ophthalmol. Vis. Sci. 2008, 49, 4912-4922. [CrossRef] [PubMed]

Ota, H.; Akishita, M.; Eto, M,; lijima, K.; Kaneki, M.; Ouchi, Y. Sirtl modulates premature senescence-like
phenotype in human endothelial cells. J. Mol. Cell Cardiol. 2007, 43, 571-579. [CrossRef]

Mimura, T.; Kaji, Y.; Noma, H.; Funatsu, H.; Okamoto, S. The role of SIRT1 in ocular aging. Exp. Eye Res.
2013, 116, 17-26. [CrossRef]


http://dx.doi.org/10.1167/iovs.11-7839
http://www.ncbi.nlm.nih.gov/pubmed/22039240
http://dx.doi.org/10.1155/2013/261386
http://dx.doi.org/10.1016/S0014-4835(02)00255-5
http://dx.doi.org/10.1016/S0161-6420(84)34248-8
http://dx.doi.org/10.2174/156652411800615126
http://www.ncbi.nlm.nih.gov/pubmed/21707516
http://dx.doi.org/10.2174/1874609811104020110
http://www.ncbi.nlm.nih.gov/pubmed/21235491
http://dx.doi.org/10.1016/j.preteyeres.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15919228
http://dx.doi.org/10.1016/j.exger.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16051457
http://dx.doi.org/10.1161/ATVBAHA.110.221945
http://www.ncbi.nlm.nih.gov/pubmed/21273559
http://dx.doi.org/10.1016/S0006-291X(03)01385-8
http://dx.doi.org/10.1167/iovs.09-3871
http://www.ncbi.nlm.nih.gov/pubmed/19516005
http://dx.doi.org/10.1001/archopht.123.4.458
http://dx.doi.org/10.1038/srep25792
http://dx.doi.org/10.1038/ncomms6659
http://www.ncbi.nlm.nih.gov/pubmed/25482515
http://dx.doi.org/10.1371/journal.pone.0098106
http://www.ncbi.nlm.nih.gov/pubmed/24945152
http://dx.doi.org/10.4161/auto.23568
http://www.ncbi.nlm.nih.gov/pubmed/23360789
http://dx.doi.org/10.1371/journal.pone.0014567
http://www.ncbi.nlm.nih.gov/pubmed/21283745
http://www.ncbi.nlm.nih.gov/pubmed/20361014
http://dx.doi.org/10.1167/iovs.08-2192
http://www.ncbi.nlm.nih.gov/pubmed/18614807
http://dx.doi.org/10.1016/j.yjmcc.2007.08.008
http://dx.doi.org/10.1016/j.exer.2013.07.017

Nutrients 2019, 11, 239 15 of 23

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ota, H.; Eto, M.; Kano, M.R;; Kahyo, T; Setou, M.; Ogawa, S.; lijima, K.; Akishita, M.; Ouchi, Y. Induction of
endothelial nitric oxide synthase, SIRT1 and catalase by statins inhibits endothelial senescence through the
Akt pathway. Arter. Thromb. Vasc. Biol. 2010, 30, 2205-2211. [CrossRef]

Coca-Prados, M.; Ghosh, S. Functional modulators linking inflow with outflow of aqueous humour.
Curr. Top. Membr. 2008, 5, 123-160.

Shiga, N.; Hirano, K.; Hirano, M.; Nishimura, J.; Nawata, H.; Kanaide, H. Long-term inhibition of RhoA
attenuates vascular contractility by enhancing endothelial NO production in an intact rabbit mesenteric
artery. Circ. Res. 2005, 96, 1014-1021. [CrossRef] [PubMed]

Sacca, S.C.; Gandolfi, S.; Bagnis, A.; Manni, G.; Damonte, G.; Traverso, C.E.; Izzotti, A. From DNA damage
to functional changes of the trabecular meshwork in aging and glaucoma. Ageing Res. Rev. 2016, 29, 26—41.
[CrossRef] [PubMed]

Guo, R,; Shen, W,; Su, C;; Jiang, S.; Wang, J. Relationship between the Pathogenesis of Glaucoma and miRNA.
Ophthalmic Res. 2017, 57, 194-199. [PubMed]

Izzotti, A.; Longobardi, M.; Cartiglia, C.; Sacca, S.C. Proteome alterations in primary open angle glaucoma
aqueous humour. J. Proteome Res. 2010, 9, 4831-4838. [CrossRef] [PubMed]

Rasmussen, H.M.; Johnson, E.J. Nutrients for the aging eye. Clin. Interv. Aging 2013, 8, 741-748. [PubMed]
Lim, SW,; Jin, L.; Luo, K; Jin, J.; Yang, C.W. Ginseng extract reduces tacrolimus-induced oxidative stress by
modulating autophagy in pancreatic beta cells. Lab. Investig. 2017, 97, 1271-1281. [CrossRef] [PubMed]
Cadenas, E.; Packer, L.; Traber, M.G. Antioxidants, oxidants and redox impacts on cell function—A tribute to
Helmut Sies. Arch. Biochem. Biophys. 2016, 595, 94-99. [CrossRef] [PubMed]

Sallam, N.; Laher, I. Exercise modulates oxidative stress and inflammation in aging and cardiovascular
diseases. Oxid. Med. Cell Longev. 2016, 2016, 7239639. [CrossRef] [PubMed]

Espinosa-Diez, C.; Miguel, V.; Mennerich, D.; Kietzmann, T.; Sanchez-Pérez, P.; Cadenas, S.; Lamas, S.
Antioxidant responses and cellular adjustments to oxidative stress. Redox Biol. 2015, 6, 183-197. [CrossRef]
Roche, M.; Rondeau, P.; Singh, N.R.; Tarnus, E.; Bourdon, E. The antioxidant properties of serum albumin.
FEBS Lett. 2008, 582, 1783-1787. [CrossRef]

Kang, D.H.; Ha, S.K. Uric acid puzzle: Dual role as anti-oxidant and pro-oxidant. Electrolyte Blood Press 2014,
12, 1-6. [CrossRef] [PubMed]

Nishida, M.; Kumagai, Y.; Ihara, H.; Fujii, S.; Motohashi, H.; Akaike, T. Redox signalling regulated by
electrophiles and reactive sulfur species. J. Clin. Biochem. Nutr. 2016, 58, 91-98. [CrossRef] [PubMed]
Machlin, L.J.; Bendich, A. Free radical tissue damage: Protective role of antioxidant nutrients. FASEB |. 1987,
1,441-445. [CrossRef] [PubMed]

Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular
signalling. Cell Signal. 2012, 24, 981-990. [CrossRef] [PubMed]

Iorio, E.L.; Balestrieri, M.L. The Oxidative Stress [Original Title “Lo Stress Ossidativo”]. In Italian Treatise of
Laboratory Medicine [original title “Trattato Italiano di Medicina di Laboratorio”]; Burlina, A., Ed.; Piccin: Padua,
Italy, 2009; pp. 533-549.

Sacca, S.C.; Izzotti, A. Oxidative stress and glaucoma: Injury in the anterior segment of the eye.
Prog. Brain Res. 2008, 173, 385-407. [PubMed]

Iorio, E.L. Specie Chimiche Riducenti E Antiossidanti. In Il TAO REDOX e la Sindrome da Distress Ossidativo;
Edra, Ed.; Antiossidanti lipofili Quaderni Scientifici n°1: Milano Italy, 2018; cap 5; pp. 26-28.

Yan, L.J. Positive oxidative stress in aging and aging-related disease tolerance. Redox Biol. 2014, 2, 165-169.
[CrossRef] [PubMed]

Trenam, C.W.; Blake, D.R.; Morris, C.J. Skin inflammation: Reactive oxygen species and the role of iron.
J. Investig. Dermatol. 1992, 99, 675-682. [CrossRef] [PubMed]

Weidinger, A.; Kozlov, A.V. Biological activities of reactive oxygen and nitrogen species: Oxidative stress
versus signal transduction. Biomolecules 2015, 5, 472-484. [CrossRef] [PubMed]

Vidgren, H.M.; Agren, ].].; Schwab, U.; Rissanen, T.; Hinninen, O.; Uusitupa, M.I. Incorporation of n-3 fatty
acids into plasma lipid fractions and erythrocyte membranes and platelets during dietary supplementation
with fish, fish oil and docosahexaenoic acid-rich oil among healthy young men. Lipids 1997, 32, 697-705.
[CrossRef] [PubMed]

Rodriguez-Cruz, M.; Serna, D.S. Nutrigenomics of w-3 fatty acids: Regulators of the master transcription
factors. Nutrition 2017, 41, 90-96. [CrossRef]


http://dx.doi.org/10.1161/ATVBAHA.110.210500
http://dx.doi.org/10.1161/01.RES.0000165483.34603.91
http://www.ncbi.nlm.nih.gov/pubmed/15817883
http://dx.doi.org/10.1016/j.arr.2016.05.012
http://www.ncbi.nlm.nih.gov/pubmed/27242026
http://www.ncbi.nlm.nih.gov/pubmed/28073110
http://dx.doi.org/10.1021/pr1005372
http://www.ncbi.nlm.nih.gov/pubmed/20666514
http://www.ncbi.nlm.nih.gov/pubmed/23818772
http://dx.doi.org/10.1038/labinvest.2017.75
http://www.ncbi.nlm.nih.gov/pubmed/28759009
http://dx.doi.org/10.1016/j.abb.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27095223
http://dx.doi.org/10.1155/2016/7239639
http://www.ncbi.nlm.nih.gov/pubmed/26823952
http://dx.doi.org/10.1016/j.redox.2015.07.008
http://dx.doi.org/10.1016/j.febslet.2008.04.057
http://dx.doi.org/10.5049/EBP.2014.12.1.1
http://www.ncbi.nlm.nih.gov/pubmed/25061467
http://dx.doi.org/10.3164/jcbn.15-111
http://www.ncbi.nlm.nih.gov/pubmed/27013774
http://dx.doi.org/10.1096/fasebj.1.6.3315807
http://www.ncbi.nlm.nih.gov/pubmed/3315807
http://dx.doi.org/10.1016/j.cellsig.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22286106
http://www.ncbi.nlm.nih.gov/pubmed/18929123
http://dx.doi.org/10.1016/j.redox.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25460727
http://dx.doi.org/10.1111/1523-1747.ep12613740
http://www.ncbi.nlm.nih.gov/pubmed/1469283
http://dx.doi.org/10.3390/biom5020472
http://www.ncbi.nlm.nih.gov/pubmed/25884116
http://dx.doi.org/10.1007/s11745-997-0089-x
http://www.ncbi.nlm.nih.gov/pubmed/9252957
http://dx.doi.org/10.1016/j.nut.2017.04.012

Nutrients 2019, 11, 239 16 of 23

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Davidson, M.H. Omega-3 fatty acids: New insights into the pharmacology and biology of docosahexaenoic
acid, docosapentaenoic acid and eicosapentaenoic acid. Curr. Opin. Lipidol. 2013, 24, 467-474. [CrossRef]
[PubMed]

Bazan, N.G.; Scott, B.L. Dietary omega-3 fatty acids and accumulation of docosahexaenoic acid in rod
photoreceptor cells of the retina and at synapses. Ups J. Med. Sci. Suppl. 1990, 48, 97-107. [PubMed]
Jeffrey, B.G.; Weisingerb, H.S.; Neuringer, M.; Mitcheli, D.C. The role of docosahexaenoic acid in retinal
function. Lipids 2001, 36, 859-871. [CrossRef] [PubMed]

SanGiovanni, J.P.; Chew, E.Y. The role of omega-3 long-chain polyunsaturated fatty acids in health and
disease of the retina. Prog. Retin Eye Res. 2005, 24, 87-138. [CrossRef] [PubMed]

Makrides, M.; Neumann, M.A.; Byard, RW.; Simmer, K.; Gibson, R.A. Fatty acid composition of brain,
retina and erythrocytes in breast- and formula-fed infants. Am. J. Clin. Nutr. 1994, 60, 189-194. [CrossRef]
[PubMed]

Janssen, C.I; Kiliaan, A.J. Long-chain polyunsaturated fatty acids (LCPUFA) from genesis to senescence:
The influence of LCPUFA on neural development, aging and neurodegeneration. Prog. Lipid Res. 2014, 53,
1-17. [CrossRef] [PubMed]

Lovegrove, J.A.; Griffin, B.A. The acute and long-term effects of dietary fatty acids on vascular function in
health and disease. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 162-167. [CrossRef] [PubMed]

Du, Y,; Taylor, C.G.; Aukema, H.M.; Zahradka, P. Importance of extracellular matrix and growth state for the
EA hy926 endothelial cell response to polyunsaturated fatty acids. PLoS ONE 2018, 13, e0197613. [CrossRef]
[PubMed]

Viollet, B.; Horman, S.; Leclerc, J.; Lantier, L.; Foretz, M.; Billaud, M.; Giri, S.; Andreelli, F. AMPK inhibition
in health and disease. Crit. Rev. Biochem. Mol. Biol. 2010, 45, 276-295. [CrossRef] [PubMed]

Marinangeli, C.; Didier, S.; Vingtdeux, V. AMPK in Neurodegenerative Diseases: Implications and
Therapeutic Perspectives. Curr. Drug Targets 2016, 17, 890-907. [CrossRef] [PubMed]

Sun, Y,; Yi, W,; Yuan, Y;; Lau, W.B,; Yi, D.; Wang, X.; Wang, Y.; Su, H.; Wang, X; Gao, E.; et al. Cl1q/tumor
necrosis factor-related protein-9, a novel adipocyte-derived cytokine, attenuates adverse remodeling in the
ischemic mouse heart via protein kinase A activation. Circulation 2013, 128, S113-5120. [CrossRef] [PubMed]
Zaha, V.G.; Young, L.H. AMP-activated protein kinase regulation and biological actions in the heart. Circ. Res.
2012, 111, 800-814. [CrossRef] [PubMed]

Choi, L.Y;; Ju, C.; Anthony Jalin, A.M.; Lee da, L; Prather, PL.; Kim, W.K. Activation of cannabinoid CB2
receptor-mediated AMPK/CREB pathway reduces cerebral ischemic injury. Am. J. Pathol. 2013, 182, 928-939.
[CrossRef] [PubMed]

Gao, E; Chen, J.; Zhu, H. A potential strategy for treating atherosclerosis: Improving endothelial function
via AMP-activatedprotein kinase. Sci. China Life Sci. 2018, 61, 1024-1029. [CrossRef] [PubMed]

Chatterjee, A.; Villarreal, G., Jr.; Oh, D.].; Kang, M.H.; Rhee, D.]. AMP-activated protein kinase regulates
intraocular pressure, extracellular matrix and cytoskeleton in trabecular meshwork. Investig. Ophthalmol.
Vis. Sci. 2014, 55, 3127-3139. [CrossRef] [PubMed]

Tian, B.; Geiger, B.; Epstein, D.L.; Kaufman, P.L. Cytoskeletal involvement in the regulation of aqueous
humor outflow. Investig. Ophthalmol. Vis. Sci. 2000, 41, 619-623.

Chiu, S.C.; Chao, C.Y,; Chiang, E.I; Syu, ].N.; Rodriguez, R.L.; Tang, F.Y. N-3 polyunsaturated fatty acids
alleviate high glucose-mediated dysfunction of endothelial progenitor cells and prevent ischemic injuries
both in vitro and in vivo. J. Nutr. Biochem. 2017, 42, 172-181. [CrossRef] [PubMed]

Ernst, E. Effects of n-3 fatty acids on blood rheology. |. Intern. Med. Suppl. 1989, 731, 129-132. [CrossRef]
Mueller, B.A.; Talbert, R.L. Biological mechanisms and cardiovascular effects of omega-3 fatty acids.
Clin. Pharm. 1988, 7, 795-807.

Vohra, R.; Tsai, ].C.; Kolko, M. The role of inflammation in the pathogenesis of glaucoma. Surv. Ophthalmol.
2013, 58, 311-320. [CrossRef]

Lin, H.J.; Chen, W.L.; Chen, T.H.; Kung, Y.J.; Wan, L. Vascular Endothelial Growth Factor-460 C/T BstUI
Gene Polymorphism is associated with Primary Open Angle Glaucoma. Biomedicine 2014, 4, 4. [CrossRef]
[PubMed]

Micera, A.; Quaranta, L.; Esposito, G.; Floriani, I.; Pocobelli, A.; Sacca, 5.C.; Riva, I.; Manni, G.; Oddone, F.
Differential Protein Expression Profiles in Glaucomatous Trabecular Meshwork: An Evaluation Study on a
Small Primary Open Angle Glaucoma Population. Adv. Ther. 2016, 33, 252-267. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/MOL.0000000000000019
http://www.ncbi.nlm.nih.gov/pubmed/24184945
http://www.ncbi.nlm.nih.gov/pubmed/2150242
http://dx.doi.org/10.1007/s11745-001-0796-3
http://www.ncbi.nlm.nih.gov/pubmed/11724458
http://dx.doi.org/10.1016/j.preteyeres.2004.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15555528
http://dx.doi.org/10.1093/ajcn/60.2.189
http://www.ncbi.nlm.nih.gov/pubmed/7913291
http://dx.doi.org/10.1016/j.plipres.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24334113
http://dx.doi.org/10.1097/MCO.0b013e32835c5f29
http://www.ncbi.nlm.nih.gov/pubmed/23299700
http://dx.doi.org/10.1371/journal.pone.0197613
http://www.ncbi.nlm.nih.gov/pubmed/29763471
http://dx.doi.org/10.3109/10409238.2010.488215
http://www.ncbi.nlm.nih.gov/pubmed/20522000
http://dx.doi.org/10.2174/1389450117666160201105645
http://www.ncbi.nlm.nih.gov/pubmed/26073858
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000010
http://www.ncbi.nlm.nih.gov/pubmed/24030394
http://dx.doi.org/10.1161/CIRCRESAHA.111.255505
http://www.ncbi.nlm.nih.gov/pubmed/22935535
http://dx.doi.org/10.1016/j.ajpath.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/23414569
http://dx.doi.org/10.1007/s11427-017-9285-1
http://www.ncbi.nlm.nih.gov/pubmed/29675553
http://dx.doi.org/10.1167/iovs.13-12755
http://www.ncbi.nlm.nih.gov/pubmed/24713487
http://dx.doi.org/10.1016/j.jnutbio.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28189115
http://dx.doi.org/10.1111/j.1365-2796.1989.tb01446.x
http://dx.doi.org/10.1016/j.survophthal.2012.08.010
http://dx.doi.org/10.7603/s40681-014-0004-3
http://www.ncbi.nlm.nih.gov/pubmed/25520917
http://dx.doi.org/10.1007/s12325-016-0285-x
http://www.ncbi.nlm.nih.gov/pubmed/26820987

Nutrients 2019, 11, 239 17 of 23

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

Taurone, S.; Ripandelli, G.; Pacella, E.; Bianchi, E.; Plateroti, A.M.; De Vito, S.; Plateroti, P.; Grippaudo, ER.;
Cavallotti, C.; Artico, M. Potential regulatory molecules in the human trabecular meshwork of patients with
glaucoma: Immunohistochemical profile of a number of inflammatory cytokines. Mol. Med. Rep. 2015, 11,
1384-1390. [CrossRef] [PubMed]

Kuilman, T.; Michaloglou, C.; Vredeveld, L.C.; Douma, S.; van Doorn, R.; Desmet, C.J.; Aarden, L.A;
Mooi, W.J.; Peeper, D.S. Oncogene-induced senescence relayed by an interleukin-dependent inflammatory
network. Cell 2008, 133, 1019-1031. [CrossRef] [PubMed]

Blum, M.S.; Toninelli, E.; Anderson, J.M.; Balda, M.S.; Zhou, J.; O’'Donnell, L.; Pardi, R.; Bender, J.R.
Cytoskeletal rearrangement mediates human microvascular endothelial tight junction modulation by
cytokines. Am. J. Physiol. 1997, 273, H286-H294. [CrossRef] [PubMed]

Alvarado, J.A.; Alvarado, R.G.; Yeh, R.F,; Franse-Carman, L.; Marcellino, G.R.; Brownstein, M.]. A new
insight into the cellular regulation of aqueous outflow: How trabecular meshwork endothelial cells drive a
mechanism that regulates the permeability of Schlemm’s canal endothelial cells. Br. ]. Ophthalmol. 2005, 89,
1500-1505. [CrossRef] [PubMed]

Genestra, M. Oxyl radicals, redox-sensitive signalling cascades andantioxidants. Cell Signal 2007, 19,
1807-1819. [CrossRef] [PubMed]

Masuda, T.; Shimazawa, M.; Hara, H. Retinal Diseases Associated wif Oxidative Stress and teh Effects of a
Free Radical Scavenger (Edaravone). Oxid. Med. Cell Longev. 2017, 2017, 9208489. [CrossRef] [PubMed]
Vaughan, S.; Jat, P.S. Deciphering teh role of nuclear factor-«B in cellular senescence. Aging 2011, 3, 913-919.
[CrossRef] [PubMed]

Tezel, G. TNF-alpha signaling in glaucomatous neurodegeneration. Prog. Brain Res. 2008, 173, 409-421.
[PubMed]

Fischer, R.; Maier, O. Interrelation of oxidative stress and inflammation in neurodegenerative disease: Role
of TNE. Oxid. Med. Cell Longev. 2015, 2015, 610813. [CrossRef] [PubMed]

Fischer, R.; Maier, O.; Naumer, M.; Krippner-Heidenreich, A.; Scheurich, P.; Pfizenmaier, K. Ligand-induced
internalization of TNF receptor 2 mediated by a di-leucin motif is dispensable for activation of the NFxB
pathway. Cell Signal 2011, 23, 161-170. [CrossRef] [PubMed]

Wang, Y.E.; Tseng, V.L.; Yu, E; Caprioli, J.; Coleman, A.L. Association of Dietary Fatty Acid Intake with
Glaucoma in the United States. JAMA Ophthalmol. 2018, 136, 141-147. [CrossRef] [PubMed]

Downie, L.E.; Vingrys, A.]. Oral Omega-3 Supplementation Lowers Intraocular Pressure in Normotensive
Adults. Transl. Vis. Sci. Technol. 2018, 7, 1. [CrossRef] [PubMed]

Villadoniga, R.S.; Rodriguez Garcia, E.; Sagastagoia Epelde, O.; Diaz, M.D.A.; Pedrol, ].C.D. Effects of Oral
Supplementation with Docosahexaenoic Acid (DHA) plus Antioxidants in Pseudoexfoliative Glaucoma: A
6-Month Open-Label Randomized Trial. J. Ophthalmol. 2018, 2018, 8259371.

Liang, W.; Huang, X.; Chen, W. The TEMPEffects of Baicalin and Baicalein on Cerebral Ischemia: A Review.
Aging Dis. 2017, 8, 850-867. [CrossRef]

Deng, Q. Chinese medicine: The dawn, the founders and the first pharmacopeia. Drug New Perspect. 1988, 1,
57-58.

Dennis, ].M.; Kenneth, J.; Kerry, H. Efficacy, safety and use of Ginkgo biloba in clinical and preclinical
applications. Altern 2001, 7, 70-90.

Birks, J.; Grimley Evans, J. Ginkgo biloba for cognitive impairment and dementia. Cochrane Database Syst. Rev.
2009. [CrossRef] [PubMed]

Ghiso, J.A.; Doudevski, I.; Ritch, R.; Rostagno, A.A. Alzheimer’s disease and glaucoma: Mechanistic
similarities and differences. J. Glaucoma 2013, 22 (Suppl. 5), S36-S38. [CrossRef]

Ritch, R. Potential role for Ginkgo biloba extract in the treatment of glaucoma. Med. Hypotheses 2000, 54,
221-235. [CrossRef] [PubMed]

Huh, H.; Staba, E.J. The botany and chemistry of Ginkgo biloba L. . Herbs Spices Med. Plants 1992, 1, 92-124.
[CrossRef]

Sticher, O. Quality of Ginkgo preparations. Planta Med. 1993, 59, 2-11. [CrossRef] [PubMed]

Seif-El-Nasr, M.; El-Fattah, A.A. Lipid peroxide, phospholipids, glutathione levels and superoxide dismutase
activity in rat brain after ischaemia: Effect of ginkgo biloba extract. Pharm. Res 1995, 32, 273-278. [CrossRef]


http://dx.doi.org/10.3892/mmr.2014.2772
http://www.ncbi.nlm.nih.gov/pubmed/25351602
http://dx.doi.org/10.1016/j.cell.2008.03.039
http://www.ncbi.nlm.nih.gov/pubmed/18555778
http://dx.doi.org/10.1152/ajpheart.1997.273.1.H286
http://www.ncbi.nlm.nih.gov/pubmed/9249502
http://dx.doi.org/10.1136/bjo.2005.081307
http://www.ncbi.nlm.nih.gov/pubmed/16234461
http://dx.doi.org/10.1016/j.cellsig.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17570640
http://dx.doi.org/10.1155/2017/9208489
http://www.ncbi.nlm.nih.gov/pubmed/28194256
http://dx.doi.org/10.18632/aging.100390
http://www.ncbi.nlm.nih.gov/pubmed/21990145
http://www.ncbi.nlm.nih.gov/pubmed/18929124
http://dx.doi.org/10.1155/2015/610813
http://www.ncbi.nlm.nih.gov/pubmed/25834699
http://dx.doi.org/10.1016/j.cellsig.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20807567
http://dx.doi.org/10.1001/jamaophthalmol.2017.5702
http://www.ncbi.nlm.nih.gov/pubmed/29270632
http://dx.doi.org/10.1167/tvst.7.3.1
http://www.ncbi.nlm.nih.gov/pubmed/29736322
http://dx.doi.org/10.14336/AD.2017.0829
http://dx.doi.org/10.1002/14651858.CD003120.pub3
http://www.ncbi.nlm.nih.gov/pubmed/19160216
http://dx.doi.org/10.1097/IJG.0b013e3182934af6
http://dx.doi.org/10.1054/mehy.1999.0025
http://www.ncbi.nlm.nih.gov/pubmed/10790757
http://dx.doi.org/10.1300/J044v01n01_10
http://dx.doi.org/10.1055/s-2006-959593
http://www.ncbi.nlm.nih.gov/pubmed/8441775
http://dx.doi.org/10.1016/S1043-6618(05)80014-3

Nutrients 2019, 11, 239 18 of 23

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.
126.

127.

128.

129.

130.

Dumont, E.; Petit, E.; Tarrade, T.; Nouvelott, A. UV-C irradiation- induced peroxidative degradation of
microsomal fatty acids and proteins: Protection by an extract of Ginkgo biloba (EGb 761). Free Radic. Biol. Med.
1992, 13, 197-203. [CrossRef]

Dumont, E.; D’Arbigny, P.; Nouvelot, A. Protection of polyunsaturated fatty acids against iron-dependent
lipid peroxidation by a Ginkgo biloba extract (EGb 761). Methods Find Exp. Clin. Pharm. 1995, 17, 83-88.
Kose, K.; Dogan, P. Lipoperoxidation induced by hydrogen peroxide in human erythrocyte membranes. 1.
Protective effect of Ginkgo biloba extract (EGb 761). J. Int. Med. Res. 1995, 23, 1-8. [CrossRef] [PubMed]
Barth, S.A.; Inselmann, G.; Engemann, R.; Heidemann, H.T. Influences of Ginkgo biloba on cyclosporin
A induced lipid peroxidation in human liver microsomes in comparison to vitamin E, glutathione and
N-acetylcysteine. Biochem. Pharm. 1991, 41, 1521-1526. [CrossRef]

Droy-Lefaix, M.T. Effect of the antioxidant action of ginkgo biloba extract (EGb 761) on aging and oxidative
stress. Age 1997, 20, 141-150. [CrossRef] [PubMed]

Hashiguchi, M.; Ohta, Y.; Shimizu, M.; Maruyama, J.; Mochizuki, M. Meta-analysis of the efficacy and safety
of Ginkgo biloba extract for the treatment of dementia. J. Pharm. Health Care Sci. 2015, 1, 14. [CrossRef]
[PubMed]

Tan, M.S.; Yu, ].T,; Tan, C.C.; Wang, H.F.; Meng, X.E; Wang, C.; Jiang, T.; Zhu, X.C,; Tan, L. Efficacy
and adverse effects of Ginkgo biloba for cognitive impairment and dementia: A systematic review and
meta-analysis. J. Alzheimers Dis. 2015, 43, 589-603. [CrossRef] [PubMed]

Strohle, A.; Schmidt, D.K,; Schultz, E; Fricke, N.; Staden, T.; Hellweg, R.; Priller, J.; Rapp, M.A.; Rieckmann, N.
Drug and exercise treatment of Alzheimer disease and mild cognitive impairment: A systematic review
and meta-analysis of effects on cognition in randomized controlled trials. Am. J. Geriatr. Psychiatry 2015, 23,
1234-1249. [CrossRef] [PubMed]

Ahlemeyer, B.; Krieglstein, ]. Neuroprotective effects of Ginkgo biloba extract. Cell Mol. Life Sci. 2003, 60,
1779-1792. [CrossRef] [PubMed]

Saleem, S.; Zhuang, H.; Biswal, S.; Christen, Y.; Doré, S. Ginkgo biloba extract neuroprotective action is
dependent on heme oxygenase 1 in ischemic reperfusion brain injury. Stroke 2008, 39, 3389-3396. [CrossRef]
[PubMed]

Luo, Y. Ginkgo biloba neuroprotection: Therapeutic implications in Alzheimer’s disease. ]. Alzheimers Dis.
2001, 3, 401-407. [CrossRef] [PubMed]

Holstein, N. Ginkgo special extract EGb 761 in tinnitus therapy. An overview of results of completed clinical
trials. Fortschr. Med. Orig. 2001, 118, 157-164. [PubMed]

Schneider, B. Ginkgo biloba extract in peripheral arterial diseases: Meta-analysis of controlled clinical studies.
Arzneimittelforschung 1992, 42, 428-436. [PubMed]

Jung, E; Mrowietz, C.; Kiesewetter, H.; Wenzel, E. Effect of Ginkgo biloba on fluidity of blood and peripheral
microcircu-lation in volunteers. Arzneimittelforschung 1990, 40, 589-593. [PubMed]

Kidd, PM. A review of nutrients and botanicals in the integrative management of cognitive dysfunction.
Altern. Med. Rev. 1999, 4, 144-161.

Cupp, M. Herbal remedies: Adverse effects and drug interactions. Am. Fam. Phys. 1999, 59, 1239-1245.
Matthews, M.K,, Jr. Association of ginkgo biloba with intracerebral hemorrhage. Neurology 1998, 50, 1934.
[CrossRef]

Vale, S. Subarachnoid haemorrhage associated with ginkgo biloba. Lancet 1998, 352, 36. [CrossRef]

Rowin, J.; Lewis, S.L. Spontaneous bilateral subdural hematomas associated with chronic Ginkgo biloba
ingestion. Neurology 1996, 46, 1775-1776. [CrossRef]

Rosenblatt, M.; Mindel, J. Spontaneous hyphema associated with ingestion of ginkgo biloba extract. N. Engl.
J. Med. 1997, 336, 1108. [CrossRef] [PubMed]

Braquet, P. Proofs of involvement of PAF-receptor in various immune disorders using BN 52021 (ginkgolide
B): A powerful PAF-receptor antagonist isolated from Ginkgo biloba. Adv. Prost Thromb Leuk Res. 1986, 16,
179-198.

Soybir, G.; Koksoy, F.; Ekiz, F; Yalgin, O.; Fincan, K.; Haklar, G.; Yiiksel, M. The effects of free oxygen radical
scavenger and platelet-activating factor antagonist agents in experimental acute pancreatitis. Pancreas 1999,
19, 143-149. [CrossRef] [PubMed]

Kleijnen, J.; Knipschild, P. Ginkgo biloba. Lancet 1992, 340, 1136-1139. [CrossRef]


http://dx.doi.org/10.1016/0891-5849(92)90015-9
http://dx.doi.org/10.1177/030006059502300101
http://www.ncbi.nlm.nih.gov/pubmed/7774754
http://dx.doi.org/10.1016/0006-2952(91)90570-U
http://dx.doi.org/10.1007/s11357-997-0013-1
http://www.ncbi.nlm.nih.gov/pubmed/23604306
http://dx.doi.org/10.1186/s40780-015-0014-7
http://www.ncbi.nlm.nih.gov/pubmed/26819725
http://dx.doi.org/10.3233/JAD-140837
http://www.ncbi.nlm.nih.gov/pubmed/25114079
http://dx.doi.org/10.1016/j.jagp.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26601726
http://dx.doi.org/10.1007/s00018-003-3080-1
http://www.ncbi.nlm.nih.gov/pubmed/14523543
http://dx.doi.org/10.1161/STROKEAHA.108.523480
http://www.ncbi.nlm.nih.gov/pubmed/18845796
http://dx.doi.org/10.3233/JAD-2001-3407
http://www.ncbi.nlm.nih.gov/pubmed/12214044
http://www.ncbi.nlm.nih.gov/pubmed/11217680
http://www.ncbi.nlm.nih.gov/pubmed/1386514
http://www.ncbi.nlm.nih.gov/pubmed/2383302
http://dx.doi.org/10.1212/WNL.50.6.1933
http://dx.doi.org/10.1016/S0140-6736(05)79516-7
http://dx.doi.org/10.1212/WNL.46.6.1775
http://dx.doi.org/10.1056/NEJM199704103361518
http://www.ncbi.nlm.nih.gov/pubmed/9091822
http://dx.doi.org/10.1097/00006676-199908000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10438161
http://dx.doi.org/10.1016/0140-6736(92)93158-J

Nutrients 2019, 11, 239 19 of 23

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Akiba, S.; Kawauchi, T.; Oka, T.; Hashizume, T.; Sato, T. Inhibitory effect of the leaf extract of Ginkgo biloba L.
on oxidative stress-induced platelet aggregation. Biochem. Mol. Biol. Int. 1998, 46, 1243-1248. [CrossRef]
Akisu, M.; Kultursay, N.; Coker, I.; Huseyinov, A. Platelet-activating factor is an important mediator in
hypoxic ischemic brain injury in the newborn rat. Flunarizine and Ginkgo biloba extract reduce PAF
concentration in the brain. Biol. Neonate 1998, 74, 439-444. [CrossRef]

Clark, G.D.; Happel, L.T.; Zorumski, C.F; Bazan, N.G. Enhancement of hippocampal excitatory synaptic
transmission by platelet-activating factor. Neuron 1992, 9, 1211-1216. [CrossRef]

Zhu, L.; Wu, J.; Liao, H.; Gao, J.; Zhao, X.N.; Zhang, Z.X. Antagonistic effects of extract from leaves of ginkgo
biloba on glutamate neurotoxicity. Zhongguo Yao Li Xue Bao 1997, 8, 344-347.

Marchesilli, V.L.; Bazan, N.G. Platelet activating factor enhances glutamic acid release in the retina through a
presynaptic receptor. Investig. Ophthalmol. Vis. Sci. 1993, 34, 1048.

Thierry, A.; Doly, M.; Braquet, P; Cluzel, J.; Meyniel, G. Presence of specific platelet-activating factor binding
sites in the rat retina. Eur. J. Pharm. 1989, 163, 97-101. [CrossRef]

Weinreb, R.N.; Levin, L.A. Is neuroprotection a viable therapy for glaucoma? Arch. Ophthalmol. 1999, 117,
1540-1544. [CrossRef] [PubMed]

Kose, K.; Dogan, P. Lipoperoxidation induced by hydrogen peroxide in human erythrocyte membranes. 2.
Comparison of the antioxidant effect of Ginkgo biloba extract (EGb 761) with those of water-soluble and
lipid-soluble antioxidants. J. Int. Med. Res. 1995, 23, 9-18. [CrossRef] [PubMed]

Chen, JX.,; Chen, W.Z; Huang, H.L. Protective effects of Ginkgo biloba extract against
lysophosphatidylcholine induced vascular endothelial cell damage. Zhongguo Yao Li Xue Bao 1998, 19,
359-363. [PubMed]

Koc, RK.; Akdemir, H.; Kurtsoy, A.; Pasaoglu, H.; Kavuncu, I.; Pasaoglu, A.; Karaktictik, I. Lipid
peroxidation in experimental spinal cord injury. Comparison of treatment with Ginkgo biloba, TRH and
methylprednisolone. Res. Exp. Med. 1995, 195, 117-123. [CrossRef]

Lugasi, A.; Horvahovich, P.; Dworschak, E. Additional information to the in vitro antioxidant activity of
Ginkgo biloba L. Phytother. Res. 1999, 13, 160-162. [CrossRef]

Marcocci, L.; Maguire, ].J.; Droy-Lefaix, M.T.; Packer, L. The nitric oxide-scavenging properties of Ginkgo
biloba extract EGb 761. Biochem. Biophys. Res. Commun. 1994, 201, 748-755. [CrossRef] [PubMed]

Chung, H.S.; Harris, A.; Kristinsson, ] K.; Ciulla, T.A.; Kagemann, C.; Ritch, R. Ginkgo biloba extract increases
ocular blood flow velocity. J. Ocul. Pharm. 1999, 15, 233-240. [CrossRef]

Pritz-Hohmeier, S.; Chao, T.I.; Krenzlin, J.; Reichenbach, A. Effect of in vivo application of the ginkgo biloba
extract EGb 761 (Rokan) on the susceptibility of mammalian retinal cells to proteolytic enzymes. Ophthalmic
Res. 1994, 26, 80-86. [CrossRef] [PubMed]

Baudouin, C.; Pisella, PJ.; Ettaiche, M. Effects of Egb761 and superoxide dismutase in an experimental model
of retinopathy generated by intravitreal production of superoxide anion radical. Graefe Arch. Clin. Exp.
Ophthalmol. 1996, 234, 58-63. [CrossRef]

Lanthony, P.; Cosson, J.P. The course of color vision in early diabetic retinopathy treated with Ginkgo biloba
extract. A preliminary double-blind versus placebo study. J. Fr. Ophtalmol. 1988, 11, 671-674. [PubMed]

Le Bars, PL.; Katz, M.M.; Berman, N; Itil, TM.; Freedman, A.M.; Schatzberg, A.F. A placebo-controlled,
double-blind, randomized trial of an extract of Ginkgo biloba for dementia. North American EGb Study
Group. JAMA 1997, 278, 1327-1332. [CrossRef] [PubMed]

Drance, S.M.; Berry, V.; Hughes, A. Studies in the reproducibility of visual field areas in normal and
glaucomatous subjects. Can. J. Ophthalmol. 1966, 1, 14-23. [PubMed]

Holmin, C.; Krakau, C.E. Variability of glaucomatous visual field defects in computerized perimetry.
Albrecht Von Graefes Arch. Klin. Exp. Ophthalmol. 1979, 210, 235-250. [CrossRef] [PubMed]

Rhee, D.J.; Katz, L.J.; Spaeth, G.L.; Myers, ].5S. Complementary and Alternative Medicine for Glaucoma.
Surv. Ophthalmol. 2001, 46, 43-55. [CrossRef]

Kong, G.Y;; Van Bergen, N.J.; Trounce, I.A.; Crowston, J.G. Mitochondrial dysfunction and glaucoma.
J. Glaucoma 2009, 18, 93-100. [CrossRef]

Eckert, A.; Keil, U.; Scherping, I.; Hauptmann, S.; Miiller, W.E. Stabilization of mitochondrial membrane
potential and improvement of neuronal energy metabolism by Ginkgo biloba extract EGb 761. Ann. N. Y.
Acad. Sci. 2005, 1056, 474-485. [CrossRef]


http://dx.doi.org/10.1080/15216549800204812
http://dx.doi.org/10.1159/000014065
http://dx.doi.org/10.1016/0896-6273(92)90078-R
http://dx.doi.org/10.1016/0014-2999(89)90400-7
http://dx.doi.org/10.1001/archopht.117.11.1540
http://www.ncbi.nlm.nih.gov/pubmed/10565524
http://dx.doi.org/10.1177/030006059502300102
http://www.ncbi.nlm.nih.gov/pubmed/7774762
http://www.ncbi.nlm.nih.gov/pubmed/10375785
http://dx.doi.org/10.1007/BF02576781
http://dx.doi.org/10.1002/(SICI)1099-1573(199903)13:2&lt;160::AID-PTR402&gt;3.0.CO;2-H
http://dx.doi.org/10.1006/bbrc.1994.1764
http://www.ncbi.nlm.nih.gov/pubmed/8003011
http://dx.doi.org/10.1089/jop.1999.15.233
http://dx.doi.org/10.1159/000267396
http://www.ncbi.nlm.nih.gov/pubmed/8196936
http://dx.doi.org/10.1007/s004170050195
http://www.ncbi.nlm.nih.gov/pubmed/3072365
http://dx.doi.org/10.1001/jama.1997.03550160047037
http://www.ncbi.nlm.nih.gov/pubmed/9343463
http://www.ncbi.nlm.nih.gov/pubmed/5914633
http://dx.doi.org/10.1007/BF00742288
http://www.ncbi.nlm.nih.gov/pubmed/315173
http://dx.doi.org/10.1016/S0039-6257(01)00233-8
http://dx.doi.org/10.1097/IJG.0b013e318181284f
http://dx.doi.org/10.1196/annals.1352.023

Nutrients 2019, 11, 239 20 of 23

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Quaranta, L.; Bettelli, S.; Uva, M.G.; Semeraro, E; Turano, R.; Gandolfo, E. Effect of Ginkgo biloba extract on
preexisting visual eld damage in normal tension glaucoma. Ophthalmology 2003, 110, 359-362. [CrossRef]
Guo, X.; Kong, X,; Huang, R.; Jin, L.; Ding, X.; He, M.,; Liu, X,; Patel, M.C.; Congdon, N.G. Effect of
Ginkgo biloba on visual eld and contrast sensitivity in Chinese patients with normal tension glaucoma: A
randomized, crossover clinical trial. Investig. Ophthalmol. Vis. Sci. 2014, 55, 110-116. [CrossRef] [PubMed]
Le Bars, PL.; Kastelan, J. Ef cacy and safety of a Ginkgo biloba extract. Public Health Nutr. 2000, 3, 495-499.
[CrossRef] [PubMed]

Cybulska-Heinrich, A K.; Mozaffarieh, M.; Flammer, J. Ginkgo biloba: An adjuvant therapy for progressive
normal and high tension glaucoma. Mol. Vis. 2012, 18, 390-402. [PubMed]

Chan, A.L.; Leung, HW.; Wu, ].W.; Chien, T.W. Risk of hemorrhage associated with co-prescriptions for
Ginkgo biloba and antiplatelet or anticoagulant drugs. J. Altern. Complement. Med. 2011, 17, 513-517.
[CrossRef] [PubMed]

Woo, S.J.; Park, K.H.; Kim, D.M. Comparison of localised nerve fibre layer defects in normal tension glaucoma
and primary open angle glaucoma. Br. |. Ophthalmol. 2003, 87, 695-698. [CrossRef] [PubMed]

Shields, M.B. Normal-tension glaucoma: Is it different from primary open-angle glaucoma?
Curr. Opin. Ophthalmol. 2008, 19, 85-88. [CrossRef] [PubMed]

Shields, M.B.; Wadsworth, J.A. An evaluation of anticoagulation in glaucomatherapy. Ann. Ophthalmol. 1977,
9,1115-1118. [PubMed]

Osborne, N.N.; Casson, R.J.; Wood, ].P,; Chidlow, G.; Graham, M.; Melena, ]J. Retinal ischemia: Mechanisms
of damage and potential therapeutic strategies. Prog. Retin. Eye Res. 2004, 23, 91-147. [CrossRef]

Lafuente, M.P,; Villegas-Pérez, M.P,; Sellés-Navarro, I.; Mayor-Torroglosa, S.; Miralles de Imperial, J.;
Vidal-Sanz, M. Retinal ganglion cell death after acuteretinal ischemia is an ongoing process whose severity
and duration dependson the duration of the insult. Neuroscience 2002, 109, 157-168. [CrossRef]

Wang, X.; Butowt, R.; Vasko, M.R.; von Bartheld, C.S. Mechanisms of therelease of anterogradely transported
neurotrophin-3 from axon terminals. . Neurosci. 2002, 22, 931-945. [CrossRef]

Chidlow, G.; Osborne, N.N. Rat retinal ganglion cell loss caused by kainate, NMDA and ischemia correlates
wif a reduction in mRNA and protein of Thy-1 and neurofilament light. Brain Res. 2003, 963, 298-306.
[CrossRef]

Cranstoun, S.D.; Petrig, B.L.; Riva, C.E.; Baine, ]J. Optic nerve head blood flow in the human eye by laser
doppler flowmetry. Investig. Ophthalmol. Vis. Sci. 1994, 35, 1658.

Werner, E.B. Normal-tension glaucoma. In The Glaucomas, 2nd ed.; Ritch, R., Shields, M.B., Krupin, T., Eds.;
CV Mosby: St Louis, MI, USA, 1996; Volume 251, pp. 769-797.

Durcan, EJ.; Flaharty, PM.; Digre, K.B.; Lundergan, M.K. Use of color Doppler imaging to assess ocular
blood flow in low tension glaucoma. Investig. Ophthalmol. Vis. Sci. 1993, 34, 1388.

Kiyota, N.; Shiga, Y.; Ichinohasama, K.; Yasuda, M.; Aizawa, N.; Omodaka, K.; Honda, N.; Kunikata, H.;
Nakazawa, T. The Impact of Intraocular Pressure Elevation on Optic Nerve Head and Choroidal Blood Flow.
Investig. Ophthalmol. Vis. Sci. 2018, 59, 3488-3496. [CrossRef] [PubMed]

Jiang, X.; Johnson, E.; Cepurna, W.; Lozano, D.; Men, S.; Wang, R.K.; Morrison, J. The effect of age on
teh response of retinal capillary filling to changes in intraocular pressure measured by optical coherence
tomography angiography. Microvasc. Res. 2018, 115, 12-19. [CrossRef] [PubMed]

Abegao Pinto, L.; Willekens, K.; Van Keer, K.; Shibesh, A.; Molenberghs, G.; Vandewalle, E.; Stalmans, I.
Ocular blood flow in glaucoma-the Leuven Eye Study. Acta Ophthalmol. 2016, 94, 592-598. [CrossRef]
[PubMed]

Gizzi, C.; Torino-Rodriguez, P,; Belcaro, G.; Hu, S.; Hosoi, M.; Feragalli, B. Mirtogenol®supplementation in
association with dorzolamide-timolol or latanoprost improves teh retinal microcirculation in asymptomatic
patients with increased ocular pressure. Eur. Rev. Med. Pharm. Sci. 2017, 21, 4720-4725.

Trible, J.R.; Sergot, R.C.; Spaeth, G.L.; Wilson, R.P,; Katz, L.J.; Moster, M.R.; Schmidt, C.M. Trabeculectomy
is associated with retrobulbar hemodynamic changes. A color Doppler analysis. Ophthalmology 1994, 101,
340-351. [CrossRef]

Mittra, R.A.; Sergott, R.C.; Flaharty, PM.; Lieb, W.E.; Savino, PJ.; Bosley, TM.; Hedges, T.R., Jr. Optic nerve
decompression improves hemodynamic parameters in papilledema. Ophthalmology 1993, 100, 987-997.
[CrossRef]


http://dx.doi.org/10.1016/S0161-6420(02)01745-1
http://dx.doi.org/10.1167/iovs.13-13168
http://www.ncbi.nlm.nih.gov/pubmed/24282229
http://dx.doi.org/10.1017/S1368980000000574
http://www.ncbi.nlm.nih.gov/pubmed/11276297
http://www.ncbi.nlm.nih.gov/pubmed/22355250
http://dx.doi.org/10.1089/acm.2010.0295
http://www.ncbi.nlm.nih.gov/pubmed/21649517
http://dx.doi.org/10.1136/bjo.87.6.695
http://www.ncbi.nlm.nih.gov/pubmed/12770963
http://dx.doi.org/10.1097/ICU.0b013e3282f3919b
http://www.ncbi.nlm.nih.gov/pubmed/18301279
http://www.ncbi.nlm.nih.gov/pubmed/71007
http://dx.doi.org/10.1016/j.preteyeres.2003.12.001
http://dx.doi.org/10.1016/S0306-4522(01)00458-4
http://dx.doi.org/10.1523/JNEUROSCI.22-03-00931.2002
http://dx.doi.org/10.1016/S0006-8993(02)04052-0
http://dx.doi.org/10.1167/iovs.18-23872
http://www.ncbi.nlm.nih.gov/pubmed/30025080
http://dx.doi.org/10.1016/j.mvr.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28782513
http://dx.doi.org/10.1111/aos.12962
http://www.ncbi.nlm.nih.gov/pubmed/26895610
http://dx.doi.org/10.1016/S0161-6420(13)31332-3
http://dx.doi.org/10.1016/S0161-6420(93)31526-5

Nutrients 2019, 11, 239 21 of 23

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.
191.

192.

193.
194.

195.

196.

197.

Flaharty, PM.; Sergott, R.C.; Lieb, W.; Bosley, T.M.; Savino, P.J. Optic nerve sheath decompression may
improve blood flow in anterior ischemic optic neuropathy. Ophthalmology 1993, 100, 297-305. [CrossRef]
Araie, M.; Tomita, K.; Nagahara, M.; Tomodokoro, A. Effect of topical beta-blockers on tissue blood flow in
the human ONH. Curr. Eye Res. 1997, 16, 1102-1110.

Arend, O.; Harris, A.; Arend, S.; Remky, A.; Martin, B.]. The acute effect of topical beta-adrenoreceptor
blocking agents on retinal and optic nerve head circulation. Acta Ophthalmol. 1998, 76, 43—49. [CrossRef]
Celiker, U.0.; Celebi, S.; Celiker, H.; Celebi, H. Effect of topical apraclonidine on flow properties of central
retinal and ophthalmic arteries. Acta Ophthalmol. 1996, 74, 151-154. [CrossRef]

Schmetterer, L.; Strenn, K.; Findl, O.; Breiteneder, H.; Graselli, U.; Agneter, E.; Eichler, H.G.; Wolzt, M. Effects
of antiglacuoma drugs on ocular hemodynamics in healthy volunteers. Clin. Pharm. 1997, 61, 583-595.
Kitaya, N.; Yoshida, A.; Ishiko, S.; Mori, F,; Abiko, T.; Ogasawara, H.; Kato, Y.; Nagaoka, T. Effect of
timolol and UF-021 (a prostaglandin-related compound) on pulsatile ocular blood flow in normal volunteers.
Ophthalmic Res. 1997, 29, 139-144. [CrossRef] [PubMed]

Fuchsjager-Mayrl, G.; Georgopoulos, M.; Hommer, A.; Weigert, G.; Pemp, B.; Vass, C.; Garhofer, G.;
Schmetterer, L. Effect of dorzolamide and timolol on ocular pressure: Blood flow relationship in patients with
primary open-angle glaucoma and ocular hypertension. Investig. Ophthalmol. Vis. Sci. 2010, 51, 1289-1296.
[CrossRef] [PubMed]

Arthur, S.; Cantor, L.B. Update on teh role of alpha-agonists in glaucoma management. Exp. Eye Res. 2011,
93, 271-283. [CrossRef]

Liu, S.X.L.; Chiou, G.C.Y. Effects of Chinese herbal products on mammalian retinal functions. J. Ocul. Pharm.
1996, 12, 377-386. [CrossRef]

Nouri-Mahdavi, K.; Brigatti, L.; Weitzman, M.; Caprioli, J. Outcomes of trabeculectomy for primary
open-angle glaucoma. Ophthalmology 1995, 102, 1760-1769. [CrossRef]

Araujo, S.V.; Spaeth, G.L.; Roth, S.M.; Starita, R.J. A ten-year follow-up on a prospective, randomized trial of
postoperative corticosteroids after trabeculectomy. Ophthalmology 1995, 102, 1753-1759. [CrossRef]

Dreyer, E.B.; Lipton, S.A. Excitatory amino acids in glaucoma: A potentially novel etiology of neuronal loss.
Investig. Ophthalmol. Vis. Sci. 1992, 33, 1093.

Dreyer, E.B.; Pan, Z.H.; Storm, S.; Lipton, S.A. Greater sensitivity of larger retinal ganglion cells to
NMDA-mediated cell death. Neuroreport 1994, 5, 629-631. [CrossRef] [PubMed]

Dreyer, E.B.; Zurakowski, D.; Schumer, R.A.; Podos, S.M.; Lipton, S.A. Elevated glutamate levels in the
vitreous body of humans and monkeys with glaucoma. Arch. Ophthalmol. 1996, 114, 299-305. [CrossRef]
[PubMed]

Yoles, E.; Schwartz, M. Potential neuroprotective therapy for glaucomatous optic neuropathy.
Surv. Ophthalmol. 1998, 42, 367-372. [CrossRef]

Lynch, D.R.; Dawson, T.M. Secondary mechanisms in neuronal trauma. Curr. Opin. Neurol. 1994, 7, 510-516.
[CrossRef] [PubMed]

Bittigau, P.; Ikonomidou, C. Glutamate in neurologic diseases. J. Child. Neurol. 1997, 12, 471-485. [CrossRef]
Garcia-Valenzuela, E.; Shareef, S.; Walsh, J.; Sharma, S.C. Programmed cell death of retinal ganglion cells
during experimental glaucoma. Exp. Eye Res. 1995, 61, 33. [CrossRef]

Au, J.L.S.; Panchal, N; Li, D.; Gan, Y. Apoptosis: A new pharmacodynamic endpoint. Pharm. Res. 1997, 14,
1659-1671. [CrossRef]

Bredesen, D.E. Neural apoptosis. Ann. Neurol 1995, 38, 839-851. [CrossRef]

Vaux, D.L,; Strasser, A. The molecular biology of apoptosis. Proc. Natl. Acad. Sci. USA 1996, 93, 2239-2244.
[CrossRef]

Batliwala, S.; Xavier, C.; Liu, Y.; Wu, H.; Pang, LH. Involvement of Nrf2 in Ocular Diseases. Oxid. Med.
Cell Longev. 2017, 2017, 1703810. [CrossRef] [PubMed]

Clements, C.M.; McNally, R.S.; Conti, B.J.; Mak, TW.; Ting, J.P. DJ-1, a cancer- and Parkinson’s
disease-associated protein, stabilizes the antioxidant transcriptional master regulator Nrf2. Proc. Natl
Acad. Sci. USA 2006, 103, 15091-15096. [CrossRef] [PubMed]

Vargas, M.R,; Johnson, D.A ; Sirkis, D.W.; Messing, A.; Johnson, ]J.A. Nrf2 activation in astrocytes protects
against neurodegeneration in mouse models of familial amyotrophic lateral sclerosis. J. Neurosci. 2008, 28,
13574-13581. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0161-6420(93)31651-9
http://dx.doi.org/10.1034/j.1600-0420.1998.760108.x
http://dx.doi.org/10.1111/j.1600-0420.1996.tb00060.x
http://dx.doi.org/10.1159/000268008
http://www.ncbi.nlm.nih.gov/pubmed/9211466
http://dx.doi.org/10.1167/iovs.09-3827
http://www.ncbi.nlm.nih.gov/pubmed/19850848
http://dx.doi.org/10.1016/j.exer.2011.04.002
http://dx.doi.org/10.1089/jop.1996.12.377
http://dx.doi.org/10.1016/S0161-6420(95)30796-8
http://dx.doi.org/10.1016/S0161-6420(95)30797-X
http://dx.doi.org/10.1097/00001756-199401000-00024
http://www.ncbi.nlm.nih.gov/pubmed/7912962
http://dx.doi.org/10.1001/archopht.1996.01100130295012
http://www.ncbi.nlm.nih.gov/pubmed/8600890
http://dx.doi.org/10.1016/S0039-6257(97)00123-9
http://dx.doi.org/10.1097/00019052-199412000-00007
http://www.ncbi.nlm.nih.gov/pubmed/7866582
http://dx.doi.org/10.1177/088307389701200802
http://dx.doi.org/10.1016/S0014-4835(95)80056-5
http://dx.doi.org/10.1023/A:1012159208559
http://dx.doi.org/10.1002/ana.410380604
http://dx.doi.org/10.1073/pnas.93.6.2239
http://dx.doi.org/10.1155/2017/1703810
http://www.ncbi.nlm.nih.gov/pubmed/28473877
http://dx.doi.org/10.1073/pnas.0607260103
http://www.ncbi.nlm.nih.gov/pubmed/17015834
http://dx.doi.org/10.1523/JNEUROSCI.4099-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19074031

Nutrients 2019, 11, 239 22 of 23

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216e.

217.

Imhoff, B.R.; Hansen, ]. M. Extracellular redox status regulates Nrf2 activation through mitochondrial reactive
oxygen species. Biochem. J. 2009, 424, 491-500. [CrossRef] [PubMed]

Himori, N.; Yamamoto, K.; Maruyama, K.; Ryu, M.; Taguchi, K.; Yamamoto, M.; Nakazawa, T. Critical role of
Nrf2 in oxidative stress-induced retinal ganglion cell death. . Neurochem. 2013, 127, 669-680. [CrossRef]
[PubMed]

Wei, Y.; Gong, J.; Yoshida, T.; Eberhart, C.G.; Xu, Z.; Kombairaju, P.; Sporn, M.B.; Handa, J.T.; Duh, E.J. Nrf2
has a protective role against neuronal and capillary degeneration in retinal ischemia-reperfusion injury. Free
Radic Biol. Med. 2011, 51, 216-224. [CrossRef] [PubMed]

Xu, Z.; Cho, H.; Hartsock, M.].; Mitchell, K.L.; Gong, J.; Wu, L.; Wei, Y.; Wang, S.; Thimmulappa, RK;
Sporn, M.B.; et al. Neuroprotective role of Nrf2 for retinal ganglion cells in ischemia-reperfusion. J. Neurochem.
2015, 133, 233-241. [CrossRef] [PubMed]

Cheng, J.; Liang, J.; Qi, J. Role of nuclear factor (erythroid-derived 2)-like 2 in the age-resistant properties of
the glaucoma trabecular meshwork. Exp. Med. 2017, 14, 791-796. [CrossRef] [PubMed]

Wang, Y.; Li, E; Wang, S. MicroRNA-93 is overexpressed and induces apoptosis in glaucoma trabecular
meshwork cells. Mol. Med. Rep. 2016, 14, 5746-5750. [CrossRef] [PubMed]

Stone, EM.; Fingert, H.L.; Alward, W.L.; Nguyen, T.D.; Polansky, J.R.; Sunden, S.L.; Nishimura, D.;
Clark, A.E; Nystuen, A.; Nichols, B.E.; et al. Identification of a gene that causes primary open angle
glaucoma. Science 1997, 275, 668-670. [CrossRef]

He, Y.; Leung, K.W.; Zhuo, Y.H.; Ge, J. Pro370Leu mutant myocilin impairs mitochondrial functions in
human trabecular meshwork cells. Mol. Vis. 2009, 15, 815-825. [PubMed]

Sakai, H.; Shen, X.; Koga, T.; Park, B.C.; Noskina, Y.; Tibudan, M.; Yue, B.Y. Mitochondrial association of
myocilin, product of a glaucoma gene, in human trabecular meshwork cells. J. Cell Physiol. 2007, 213, 775-784.
[CrossRef] [PubMed]

Sacca, S.C.; Izzotti, A. Focus on molecular events in the anterior chamber leading to glaucoma. Cell Mol.
Life Sci. 2014, 71, 2197-2218. [CrossRef] [PubMed]

Ito, Y.A; Di Polo, A. Mitochondrial dynamics, transport and quality control: A bottleneck for retinal ganglion
cell viability in optic neuropathies. Mitochondrion 2017, 36, 186-192. [CrossRef] [PubMed]

Villena, J.A. New insights into PGC-1 coactivators: Redefining their role in the regulation of mitochondrial
function and beyond. FEBS . 2015, 282, 647-672. [CrossRef] [PubMed]

Hock, M.B.; Kralli, A. Transcriptional control of mitochondrial biogenesis and function. Annu. Rev. Physiol.
2009, 71, 177-203. [CrossRef] [PubMed]

Li, L,; Pan, R;; Li, R;; Niemann, B.; Aurich, A.C.; Chen, Y.; Rohrbach, S. Mitochondrial biogenesis and
peroxisome proliferator-activated receptor-gamma coactivator-lalpha (pgc-lalpha) deacetylation by physical
activity: Intact adipocytokine signaling is required. Diabetes 2011, 60, 157-167. [CrossRef]

Csiszar, A.; Labinskyy, N.; Pinto, ].T.; Ballabh, P.; Zhang, H.; Losonczy, G.; Pearson, K.; de Cabo, R.; Pacher, P;
Zhang, C.; et al. Resveratrol induces mitochondrial biogenesis in endothelial cells. Am. J. Physiol. Heart
Circ. Physiol. 2009, 297, H13-H20. [CrossRef]

Eckert, G.P,; Schiborr, C.; Hagl, S.; Abdel-Kader, R.; Muller, W.E.; Rimbach, G.; Frank, J. Curcumin prevents
mitochondrial dysfunction in the brain of the senescence-accelerated mouse-prone 8. Neurochem. Int. 2013,
62, 595-602. [CrossRef]

Lim, G.P; Chu, T.; Yang, F; Beech, W.; Frautschy, S.A.; Cole, G.M. The curry spice curcumin reduces
oxidative damage and amyloid pathology in an Alzheimer transgenic mouse. J. Neurosci. 2001, 21, 8370-8377.
[CrossRef]

Tosetti, F.; Noonan, D.M.; Albini, A. Metabolic regulation and redox activity as mechanisms for
angioprevention by dietary phytochemicals. Int. J. Cancer 2009, 125, 1997-2003. [CrossRef] [PubMed]
Upadhyay, S.; Dixit, M. Role of Polyphenols and Other Phytochemicals on Molecular Signaling. Oxid. Med.
Cell Longev. 2015, 2015, 504253. [CrossRef] [PubMed]

Mann, G.E.; Rowlands, D.J.; Li FY, L.; de Winter, P.,; Siow, R.C.M. Activation of endothelial nitric oxide
synthase by dietary isoflavones: Role of NO in Nrf2-mediated antioxidant gene expression. Cardiovasc. Res.
2007, 75, 261-274. [CrossRef] [PubMed]


http://dx.doi.org/10.1042/BJ20091286
http://www.ncbi.nlm.nih.gov/pubmed/19778293
http://dx.doi.org/10.1111/jnc.12325
http://www.ncbi.nlm.nih.gov/pubmed/23721546
http://dx.doi.org/10.1016/j.freeradbiomed.2011.04.026
http://www.ncbi.nlm.nih.gov/pubmed/21545836
http://dx.doi.org/10.1111/jnc.13064
http://www.ncbi.nlm.nih.gov/pubmed/25683606
http://dx.doi.org/10.3892/etm.2017.4543
http://www.ncbi.nlm.nih.gov/pubmed/28673001
http://dx.doi.org/10.3892/mmr.2016.5938
http://www.ncbi.nlm.nih.gov/pubmed/27878244
http://dx.doi.org/10.1126/science.275.5300.668
http://www.ncbi.nlm.nih.gov/pubmed/19390644
http://dx.doi.org/10.1002/jcp.21147
http://www.ncbi.nlm.nih.gov/pubmed/17516541
http://dx.doi.org/10.1007/s00018-013-1493-z
http://www.ncbi.nlm.nih.gov/pubmed/24142347
http://dx.doi.org/10.1016/j.mito.2017.08.014
http://www.ncbi.nlm.nih.gov/pubmed/28866056
http://dx.doi.org/10.1111/febs.13175
http://www.ncbi.nlm.nih.gov/pubmed/25495651
http://dx.doi.org/10.1146/annurev.physiol.010908.163119
http://www.ncbi.nlm.nih.gov/pubmed/19575678
http://dx.doi.org/10.2337/db10-0331
http://dx.doi.org/10.1152/ajpheart.00368.2009
http://dx.doi.org/10.1016/j.neuint.2013.02.014
http://dx.doi.org/10.1523/JNEUROSCI.21-21-08370.2001
http://dx.doi.org/10.1002/ijc.24677
http://www.ncbi.nlm.nih.gov/pubmed/19551861
http://dx.doi.org/10.1155/2015/504253
http://www.ncbi.nlm.nih.gov/pubmed/26180591
http://dx.doi.org/10.1016/j.cardiores.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17498676

Nutrients 2019, 11, 239 23 of 23

218. Korhonen, R.; Lahti, A.; Kankaanranta, H.; Moilanen, E. Nitric oxide production and signaling in
inflammation. Curr. Drug Targets Inflamm. Allergy 2005, 4, 471-479. [CrossRef] [PubMed]

219. Nemmar, A.; Subramaniyan, D.; Ali, B.H. Protective effect of curcumin on pulmonary and cardiovascular
effects induced by repeated exposure to diesel exhaust particles in mice. PLoS ONE 2012, 7, e39554. [CrossRef]
[PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.2174/1568010054526359
http://www.ncbi.nlm.nih.gov/pubmed/16101524
http://dx.doi.org/10.1371/journal.pone.0039554
http://www.ncbi.nlm.nih.gov/pubmed/22745783
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Glaucoma Pathogenesis 
	Oxidative Stress 
	Polyunsaturated Fatty Acids 
	Ginkgo Biloba Extract 
	Polyphenols 
	Conclusions 
	References

