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ARTICLE INFO ABSTRACT

Keywords: As human life expectancy increases, age-related health issues including neurodegenerative diseases continue to
Age-related disease rise. Regardless of genetic or environmental factors, many neurodegenerative conditions share common path-
Glaucoma

ological mechanisms, such as oxidative stress, a hallmark of many age-related health burdens. In this review, we
describe oxidative damage and mitochondrial dysfunction in glaucoma, an age-related neurodegenerative eye
disease affecting 80 million people worldwide. We consider therapeutic approaches used to counteract oxidative
stress in glaucoma, including untapped treatment options such as novel plant-derived antioxidant compounds
that can reduce oxidative stress and prevent neuronal loss. We summarize the current pre-clinical models and
clinical work exploring the therapeutic potential of a range of candidate plant-derived antioxidant compounds.
Finally, we explore advances in drug delivery systems, particular those employing nanotechnology-based carriers
which hold significant promise as a carrier for antioxidants to treat age-related disease, thus reviewing the key
current state of all of the aspects required towards translation.

Oxidative stress
Mitochondrial dysfunction
Antioxidant therapy
Nanotechnology

1. Oxidative balance in ageing and glaucoma

With the current global demographic increase in life expectancy, the
social and economic burden of age-related diseases including those
causing vision loss are projected to increase significantly (Flaxman et al.,
2017). Oxidative stress has been postulated to play an important role in
the rate of ageing as oxidative damage contributes to the essential
components in pathological pathways, which are thought to drive
multiple age-related diseases. Mitochondrial dysfunction driving
oxidative stress have been implicated in a number of age-related
neurodegenerative diseases, including glaucoma (Chrysostomou et al.,
2013; Lawler et al., 2019; Osborne, 2010; Tezel, 2006) and may repre-
sent a point of convergence that can be targeted regardless of the
causative factors in individual patients.

Glaucoma, a leading age-related cause of irreversible blindness is
predicted to affect more than 110 million people by 2040 (Tham et al.,
2014; Tosun et al., 2014). Although a host of population-based studies
have established key risk factors for glaucoma (age, ethnicity, intraoc-
ular pressure, family history and genetics, thinner central corneal
thickness) (Jonas et al., 2017; Kreft et al., 2019), how such risk factors
impact retinal ganglion cells (RGC) and axonal health is still unclear.

Thus, the mechanisms of RGC injury and death are still being elucidated;
although a range of age-related biomechanical (Stowell et al., 2017),
vascular/bioenergetic (Flammer et al., 2002) and immune factors have
been implicated alongside age-related decline in mitochondria function
and increased oxidative stress (Osborne, 2010). Emerging evidence from
recent genome wide association and other genetic studies support the
common pathological role of mitochondrial dysfunction, showing a link
between mutations in mitochondrial DNA (mtDNA) and in nuclear DNA
genes that encode mitochondrial proteins (e.g., OPA1, MFN1, MFN2,
CYP1B1, PARL, SOD2, SRBD1, GST, NOS3, TNF-a and TP53) and glau-
coma pathogenesis.

Despite great progress in the field, there are as yet no viable treat-
ments for glaucoma targeting oxidative stress. Thus, an urgent and
growing need for novel therapeutic approaches remains, as many in-
dividuals continue to lose vision despite some success with current
surgical treatments (lowering intraocular pressure).

Here, we summarise the current evidence and understanding for the
role of oxidative stress induced glaucomatous injury, and provide a re-
view focused on advancing antioxidant strategies. In order to achieve
tangible human benefit, we present the current state of approaches
along the translational journey. These include highlighting the utility of

* Correspondence to: School of BioSciences, The University of Melbourne, Rm 333, Bldg. 184, Parkville, VIC 3010, Australia.

E-mail address: patricia.jusuf@unimelb.edu.au (P.R. Jusuf).

https://doi.org/10.1016/j.arr.2022.101572

Received 17 June 2021; Received in revised form 10 December 2021; Accepted 18 January 2022

Available online 20 January 2022
1568-1637/© 2022 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license


mailto:patricia.jusuf@unimelb.edu.au
www.sciencedirect.com/science/journal/15681637
https://www.elsevier.com/locate/arr
https://doi.org/10.1016/j.arr.2022.101572
https://doi.org/10.1016/j.arr.2022.101572
https://doi.org/10.1016/j.arr.2022.101572
http://creativecommons.org/licenses/by-nc-nd/4.0/

P.R. Cdceres-Vélez et al.

different preclinical animal models of glaucoma, for assessing novel
treatment approaches and current and developing delivery technology
required for translation. The principles and approaches reviewed here
will have particular relevance to distinct age-related systemic and organ
specific diseases that are also driven by increased oxidative stress,
particularly in the ageing human world population.

1.1. Physiological reactive oxygen species production

Reactive oxygen species (ROS), produced by several organelles, are
generated as a by-product of physiological functions. Mitochondrial
oxidative phosphorylation (OXPHOS) uses electrons to pump protons
from the mitochondrial matrix to the inter- membrane space, thus
creating potential energy for Adenosine triphosphate (ATP) generation
(Kamel et al., 2017). Inefficiencies in this process leads to electron
leakage, which reacts with O, to form oxygen free radicals (Ferrington
et al., 2020; Nita and Grzybowski, 2016; Zhao et al., 2016). Leakage of
electrons can occur via flavin-dependent enzymes or OXPHOS complex I
(Nita and Grzybowski, 2016). Peroxisomes are very dynamic and
metabolically active organelles, and can generate ROS, hydrogen
peroxide (H203), superoxide (O2* 7) and hydroxyl radicals (HO®) (San-
dalio et al., 2013). These organelles contain enzymes including fla-
voenzymes, xanthine oxidase and oxidoreductases that support
production of key metabolites including fatty acids, amino acid, glyox-
ylate/dicarboxylates and spermidine, a stimulator of autophagy (Hen-
riquez-Olguin et al., 2019; Zhao et al., 2016). The endoplasmic
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reticulum (ER) has a unique oxidizing environment important for pro-
tein production. Under ER-associated stress conditions, increased ROS
generation can occur via electron leakage from cytochrome P450
mono-oxygenases (Zeeshan et al., 2016; Zhao et al., 2016). P450 is
responsible for synthesis and degradation of endogenous substances and
detoxification of xenobiotics and lipophilic compounds by hydroxyl-
ation. Finally, within the cell cytosol, ROS are also produced by several
pathways. ROS are a by-product of arachidonic acid metabolism,
generated for example by NADPH oxidase (NOX) and xanthine oxidase
(Henriquez-Olguin et al., 2019). Ferrous iron reacts with HyO5 and, via
the Fenton reaction to generate hydroxyl radicals (HO®), and hydroxide
(HO™) (Zhao et al., 2016). Furthermore, superoxides can be a by-product
of arachidonic acid metabolism by cyclooxygenase and lipoxygenase
enzymes. ROS production throughout cells reflect their normal role in
cell signaling, however excessive ROS buildup results in oxidative stress
which can result in cellular damage (Nita and Grzybowski, 2016).
Growing evidence suggests a crucial connection between ROS formation
and age-related disorders, including cardiovascular and neurodegener-
ative diseases as well as cancer (Madreiter-Sokolowski et al., 2020).

1.2. Mitochondrial function in the eye

Mitochondria are responsible for many metabolic processes that are
critical for cellular health, including OXPHOS and mitochondrial fatty
acid p-oxidation (FAO) (Gomes et al., 2020; Kamel et al., 2017; Las-
caratos et al., 2012; Luo et al., 2020; Osborne et al., 2016). Mitochondria
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Fig. 1. Mitochondria in the eye. Retinal ganglion cells, Miiller glia, photoreceptors, and retinal pigment epithelium (RPE) cells contain high numbers of mitochondria
(brown dots). These cells exist in a highly oxidative environment being exposed to light and high local oxygen levels. Mitochondria are the major source of
endogenous ROS (yellow circles), which can be a by-product of oxidative phosphorylation (blue square) for ATP production. During mitochondrial respiration, ROS
(02", H205) can be also produced when high-energy electrons escape before they reach the final acceptor O, (green). The maintenance of redox homeostasis is
important for cellular health as ROS play a key role in cell physiology (blue box on the left) determines the proper course of a number of vital cell processes. Age-
related redox imbalance and excessive accumulation can further damage cell and their organelles, leading cell death and increased risk of disease (orange box on the

right). Some figure aspects were created with BioRender.com.
Adapted from Lefevere et al. (2017).
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also play a pivotal role regulating cell survival and death signaling
pathways (Fig. 1), intracellular pH maintenance, calcium signaling,
neuronal excitability, balancing ROS production and detoxification, and
control of synaptic transmission (Eells, 2019; Lascaratos et al., 2012;
Osborne et al., 2016; Pinazo-Duran et al., 2015). Not surprisingly,
age-related decline in mitochondrial function and dynamics have been
associated with age-related diseases such as glaucoma. Mitochondria are
abundant in metabolically active tissues, including the central nervous
system (CNS), retina and optic nerve (Kamel et al., 2017; Lefevere et al.,
2017; Toft-Kehler et al., 2017). Tissues with high metabolic demands are
particularly susceptible to periods when bioenergetic supply falls below
minimum thresholds (Luo et al., 2020). Unlike some cells that can
maintain sufficient ATP production through mitochondria-independent
processes like glycolysis (Osborne et al., 2014), neurons have an abso-
lute requirement for mitochondrial function for maintenance of trans-
membrane ion gradients and survival (Eells, 2019; Osborne et al., 2014;
Tao et al., 2019). Within the eye high mitochondrial density can be
found within the retinal pigment epithelium, photoreceptors, Miiller glia
and also in the unmyelinated axons of RGCs (Lefevere et al., 2017;
Toft-Kehler et al., 2017) (Fig. 1). Lacking alternate energy stores, even
brief periods of impaired substrate supply from mitochondrial respira-
tion leads to cellular dysfunction and subsequent cell death (Osborne
etal., 2014; Tao et al., 2019) (Fig. 1). Thus, not surprisingly, age-related
decline in mitochondrial function and dynamics have been associated
with age-related diseases including in metabolically demanding retinal
cells in the eye. However, while observational studies find detrimental
effects of high oxidative stress levels on glaucoma disease status, ran-
domized clinical trials examining the beneficial effect of antioxidant
supplementation has generally shown null effects (Luo et al., 2020).
These conflicting results could be due differences in participant selection
and a lack of reliability and specificity of traditionally used biomarkers
for measuring oxidative stress and highlight the need for combining
current data and developing standardized comparable models.

1.3. Balancing reactive oxygen species and antioxidants

Abnormally elevated ROS production can arise from age-related
mitochondrial dysfunction via a number of pathways, including enzy-
matic degradation of neurotransmitters, neuroinflammatory mediators,
redox reactions (Halliwell, 2006), abnormal protein folding, phagocy-
tosis, and defective ubiquitination and proteasome degradation systems
(Andersen, 2004; Zhao et al.,, 2016) as well as external sources
(Pinazo-Duran et al., 2015). In order to maintain the appropriate ROS
balance, organisms employ (Martins et al., 2016) a range of enzymatic
(e.g. Catalase, Glutathione peroxidase, Superoxide dismutase, metal-
lothionines, glutathione transferase) and nonenzymatic (e.g. gluta-
thione, vitamin C, vitamin E, beta-carotene) antioxidants (Birben et al.,
2012; Kapravelou et al., 2015; Martins et al., 2016; Nita and Grzy-
bowski, 2016; Osborne et al., 2016; Valko et al., 2007). When ROS
balance cannot be maintained, oxidative stress leads to cell damage and
eventually death by oxidation of cellular proteins, lipids as well as
nuclear/mitochondrial DNA (Butterfield et al., 2002; Cross and Tem-
pleton, 2004; Lascaratos et al., 2012; Osborne et al., 2014; Sohal et al.,
2000) (Fig. 1). In addition to being a trigger, a spiral of ROS accumu-
lation is also a consequence of neurodegeneration (Almasieh et al.,
2012).

Oxidative damage and ROS production can be exacerbated by in-
teractions with exogenous agents, such as ultraviolet radiation, toxic
substances, cigarette smoking, pollutants, X-rays, chemotherapies and
inflammation (Pinazo-Duran et al., 2017; Zhao et al.,, 2016). For
example, UV-irradiation can damage mitochondrial DNA (mtDNA)
resulting in increased ROS production. Infrared light absorbed by the
mitochondrial electron transport chain, can also increase electron
leakage into the mitochondrial matrix. Importantly, mtDNA is particu-
larly vulnerable to oxidative stress due to a number of key factors;
proximity to OXPHOS enzymes, limited mtDNA repair mechanisms and
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lack of protective histones (Ferrington et al., 2020; Kamel et al., 2017;
Lascaratos et al., 2012; Nita and Grzybowski, 2016). Less effective repair
system for mtDNA may result in age-related accumulation of errors with
subsequent fission events, thus increasing electron leakage and oxida-
tive stress. In addition, a wide variety of nuclear transcription factors
with are present in mitochondria, including p53, nuclear factor kappa B,
and the signal transducer and activator of transcription (STAT), all of
which play significant roles in regulating mitochondrial function and
ROS levels (Pinazo-Duran et al., 2015). Mitochondrial oxidative stress
can also accelerate the release of cytochrome C to the cytosol, thereby
activating apoptosis. Thus, age-related reduction in mtDNA repair is
thought to be a contributor to a number of neurodegenerative diseases,
including those affecting the outer retina and glaucoma (Lefevere et al.,
2017; Nita and Grzybowski, 2016).

2. Mechanisms of oxidative damage in ageing and glaucoma
2.1. Evidence for oxidative stress and mitochondrial dysfunction

Within ocular fluids and tissues, enzymatic superoxide dismutase are
present to convert reactive Oy~ to oxygen (O3) and HyO», which in turn
is removed by catalase or by glutathione peroxidase (Aslan et al., 2013;
Lawler et al., 2019). Although there appears to be an upregulation of the
antioxidant enzymes, superoxide dismutase and glutathione peroxidase
with age, the levels of nonenzymatic antioxidants, vitamin C and
vitamin E are significantly reduced (Bourdel-Marchasson et al., 2001).
Other studies have found decreased superoxide dismutase activity in the
trabecular meshwork of patients with glaucoma (Behndig et al., 1998;
De La Paz and Epstein, 1996). Moreover, overall antioxidant status has
been found to be lower in aqueous humor (Nucci et al., 2013; Sorkhabi
et al., 2011), blood (Nucci et al., 2013; Pinazo-Duran et al., 2013) and
plasma samples obtained from subjects with glaucoma (Abu-Amero
et al., 2016a; Mousa et al., 2015).

Consistent with reduced antioxidant activity, specific biomarkers of
oxidative stress are increased. From aqueous humor samples, increased
levels of protein carbonyls, advanced glycation end products (Hondur
et al., 2017), malondialdehyde (Nucci et al., 2013), and the oxidative
DNA damage marker 8-hydroxy-2-deoxyguanosine (8-OHdG) have been
observed (Sorkhabi et al., 2011). Blood samples from those with open
angle glaucoma over the age of 55 show an increase in oxidative stress
markers (Hondur et al., 2017; Nucci et al., 2013; Yaz et al., 2019), and
specifically in pseudoexfoliation glaucoma there appears to be a
reduction in superoxide dismutase and catalase (Yaz et al.,, 2019).
Assessment of plasma samples also show some differences, with
increased myeloperoxidase (Yildirim et al., 2005), but unchanged
catalase and malondialdehyde levels in those with open angle glaucoma
(Yildirim et al., 2005). There have also been reports that increases in
8-OHdG is associated with higher risk of visual field progression in
normal tension glaucoma (Yuki and Tsubota, 2013). Previously, Van
Bergen et al. (2015) found that OXPHOS Complex-I linked respiration
was reduced in lymphoblasts derived from human individuals with
POAG, consistent with impaired mitochondrial function. These finding
have led to a body of research targeting blood levels of oxidised proteins
or oxidative stress end products as a biomarker for glaucoma diagnosis
(Hondur et al., 2017).

There is also growing evidence that gene mutations associated with
mitochondrial dysfunction and thus oxidative stress are major contrib-
utors to the pathogenesis of many age-related diseases including glau-
coma. When mitochondrial energy generation drops below critical
thresholds (Gomes et al., 2020), mitophagy and mtDNA replication can
be perturbed leading to accumulation of somatic mtDNA mutations. This
would result in progressive decline of mitochondrial function and
increased risk of ROS generation with age (Luo et al., 2020).

In addition to key genetic risk factors initially identified through
classical family inheritance studies such as myocilin, optineurin, TANK-
binding kinase 1 (TBK1) (Springelkamp et al., 2017; Trivli et al., 2020),
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recent genome wide association studies have uncovered > 70 new single
nucleotide polymorphisms (SNPs) linked to increased glaucoma risk (Liu
and Allingham, 2017; Wiggs and Pasquale, 2017). Several of these gene
candidates are involved in the regulation of mitochondrial health, which
is critical for preventing oxidative stress (Bailey et al., 2016; Spring-
elkamp et al., 2017; Trivli et al., 2020; Wiggs and Pasquale, 2017).
Optineurin and TBK1 are associated with normal tension glaucoma and
play critical roles in autophagy of used or damaged mitochondria
(Minegishi et al., 2016). Slow mitochondria turnover increases the
chance of electron leakage and ROS production. Thioredoxin reductase
2 (TXNRD2) has been associated with primary open angle glaucoma and
is important for reducing the levels of ROS generated by OXPHOS and
other mitochondrial functions (Bailey et al., 2016).

2.2. Mechanism of retinal ganglion cell injury in glaucoma

Although it is accepted that RGC death in glaucoma occurs via
apoptosis (Maes et al., 2017; Nickells, 2007), a range of mechanisms
may drive changes to synapses, dendrites, axons and cell soma prior to
cell death. Extensive histological and molecular genetics studies have
shown that the site of initial RGC injury due to ocular hypertension is to
the axons at the lamina cribrosa (Howell et al., 2013; Quigley et al.,
1983, 1981). IOP elevation has been well documented to impede
anterograde and retrograde axonal transport (Fahy et al, 2015)
including the movement of mitochondria (Takihara et al., 2015) at the
optic nerve head in human glaucoma, and experimental models in
non-human primates (Anderson and Hendrickson, 1974; Knox, 2007;
Quigley and Addicks, 1980), and rodents (Kim et al., 2004; Pease et al.,
2000; Quigley et al., 2000; Salinas-Navarro et al., 2010, 2009).
Apoptosis can be reduced if the axonal transport blockage at the optic
nerve head is reversed (Yokota et al., 2015). Whilst the initial injury to
RGCs is at the axonal level, Simon et al. (2016) have shown that there
are interactions between RGC compartments, whereby anterograde
signaling from the cell body actively regulates axonal degeneration
(Crish et al., 2010).

The RGC soma undergoes apoptosis when it is injured (Maes et al.,
2017; Nickells, 2007), via activation and translocation of BAX to the
mitochondrion leading to cytochrome c release, caspase activation and
cell death (Chang et al., 2002). Libby et al. (2005) showed that blocking
the pro-apoptotic Bax gene (BCL2 family) in a mouse model of glaucoma
prevented RGC soma degeneration. Injury to axons at the level of the
optic nerve may trigger an active process of Wallerian degeneration.
Indeed, the Wallerian degeneration slow allele, Wid®, is a Ube4b/NM-
NAT1 chimeric gene that has been shown to be protective of RGC axons
(Mack et al., 2001) following optic nerve crush (Howell et al., 2007) and
in DBA/2 J mice (Harder et al., 2017a, 2017b).

It is increasingly understood that injury or adaptive changes occur to
RGCs prior to cell death, including reduction in the number and strength
of synaptic connections and dendritic field size and axonal degeneration.
In a non-human primate model of glaucoma, Weber et al. (1998) found
reduced size and complexity of dendritic arbors, prior to axonal and
somal changes. Dendritic alteration were associated with reduced
responsiveness in RGCs to visual stimuli (Weber and Harman, 2005). In
the DBA/2 J mouse, synapse loss and dendrite remodelling occur early
and almost at the same time (Berry et al., 2015). Similarly, early den-
dritic retraction and remodelling has also been shown in rat (Morgan
et al.,, 2016) and cat (Shou et al., 2003) glaucoma models. Fu et al.
(2009) showed reduced RGC expression of c-fos, a neuronal connectivity
marker, 5 days after laser-induced ocular hypertension, providing
further support of synaptic disconnection prior to cell death.
RNA-Sequencing has also detected early transcriptional changes in
axonal and synaptic pathways in DBA/2 J mice, prior to ON degenera-
tion (Williams et al., 2017¢). The involvement of oxidative stress in
driving synaptic and dendritic changes to RGCs are still being eluci-
dated, with caspase-dependent, complement-driven pruning of synapses
(Ren and Danias, 2010; Rosen and Stevens, 2010), and bioenergetic
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deficiency (such as reduced levels of NAD ™) all being potential pathways
of investigation (Inman and Harun-Or-Rashid, 2017; Schoenmann et al.,
2010).

2.3. Effects of oxidative stress on retinal ganglion cells

Retinal explants have been used to model an in vivo-like interaction
between retinal cells (Bull et al., 2011). Kimball et al. (2017) demon-
strated in a mouse eye and optic nerve explant, that chronic IOP
elevation of 14 h or longer led to progressive RGC axonal degeneration.
After 3 days of IOP elevation, there was an increase in mitochondrial
density behind the optic nerve head presumably from anterograde and
retrograde axonal transport disruption. Older mice (14 months)
demonstrated a greater reduction in mitochondrial movement compared
to young mice (4 months) following chronic IOP elevation (Kimball
et al., 2018). Hurst et al. (2017) showed in a porcine ex vivo retinal
culture model that H,O, (to induce oxidative stress) caused RGC
apoptosis and increase in TNF-a expression on Day 8 (Hurst et al., 2017).
Yu et al. (2019) found reduced SIRT6 expression in RGCs following
H50,. Conversely, overexpression of SIRT6 improved RGC survival and
reduced ROS production in RGCs by promoting the Nrf2/Antioxidant
Response Element signaling pathway, an important mediator of oxida-
tive stress (Petri et al., 2012). Indeed, it has been recently shown that
Nrf2 expression is down-regulated in human glaucomatous trabecular
meshwork cells compared to controls (Cheng et al., 2017) and a rat
glaucoma model (Hvozda Arana et al., 2020). The activation of the
Nrf2/HO-1 pathway also protected RGCs in a rat model of ocular hy-
pertension(Wang and Yuan, 2019), highlighting a new potential thera-
peutic target for the disease.

Glaucomatous oxidative stress has also been examined extensively in
a range of in vivo glaucoma models (Pang and Clark, 2020) as sum-
marized in Tables 1 and 2. Acute moderate IOP elevation as
sub-ischaemic “stress test” causes RGC dysfunction, increased expres-
sion of the oxidative stress marker HO-1, and reduced BDNF levels in the
retina after injury that is more pronounced in older mouse eyes (Bui
et al., 2005; Chrysostomou et al., 2016; Crowston et al., 2015; Kong
et al., 2012). Similarly, mitochondrial dysfunction, reduced antioxidant
capacity and reduced protein expression for glutathione metabolism has
been observed in chronic IOP elevation induced by intracameral
microbead injection in mouse eye (Mirzaei et al., 2020; Yang et al.,
2016). Injection of hyaluronic acid to elevate IOP by impeding trabec-
ular outflow results in decreased total retinal superoxide dismutase and
catalase activity and decreased glutathione levels (Moreno et al., 2004).
Moreno et al. (2004) demonstrated reduced levels of SOD using the
hyaluronic acid model in rat. Indeed, SOD1 knockout mice show
increased RGC vulnerability compared to wild-type (Yuki et al., 2011),
with dysfunctional mitochondria and progressive retinal dysfunction
(Hashizume et al., 2008).

It is of note that similar signs of oxidative stress are also found with
severe injury induced by optic nerve crush (O’Hare Doig et al., 2014) or
transection. In the ischaemia/reperfusion model, whereby IOP is
increased to ischaemic (100-110 mmHg) levels for ~1 h, there is evi-
dence of microglial activation, increased caspase-3 activity and
abnormal accumulation of ROS (Ju et al., 2018; Lafuente et al., 2002).
Thus, accumulation of ROS can be a consequence of severe cell injury
and death that leads to further damage.

Transgenic mouse models of glaucoma also show signs of oxidative
stress. Of the genetic models, DBA/2 J mice have been most widely
studied for oxidative stress. The DBA/2 J mouse phenotype arises due to
mutations in the GpnmbR™*%X Tyrp1™? alleles, and as such, develop a
pigment dispersion-like glaucoma, with high IOP, RGC dysfunction and
cell loss as the mice age (Moon et al., 2005; Saleh et al., 2007). With age,
there is reduced axonal transport, increased autophagic activity, mito-
chondrial fission and dysfunction (Kleesattel et al., 2015a, 2015b).
Baltan et al. (2010) found that DBA/2J mice had reduced optic nerve
ATP levels, reduced mitochondrial oxidative capacity, and increased
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Table 1

Oxidative stress in rodent glaucoma models.

Rodent model Method/Gene

Findings

Pressure-dependent models

Ischaemia- Increase IOP to ischaemic
reperfusion levels (>70 mmHg) for
injury ~1h

Acute IOP Intracameral saline
elevation infusion (sub-ischaemic

50 mmHg for 30 min)

Chronic IOP
elevation

Intracameral injection
Microbeads

Intracameral injection
Hyaluronic acid

Hypertonic saline injection

Laser photocoagulation

Episcleral vein
cauterization

Pressure-independent models

Optic nerve Partial or complete crush/
transection or cut of the optic nerve
crush

Intravitreal TNF-a injection
injections

2,2'-azobis (2-
amidinopropane)
dihydrochloride (AAPH)

Genetic models
DBA/2 J mice

Gradual RGC loss over weeks
following transient ischaemia;
astroglial and microglial
activation, increased caspase-3
activity, abnormal accumulation
of ROS. (Ju et al., 2018; Lafuente
et al., 2002)

Age-dependent RGC dysfunction,
astrocytic gliosis, upregulation of
GFAP and increased retinal
expression of oxidative stress
marker HO-1, reduced BDNF. (
Bui et al., 2005; Chrysostomou
et al., 2016; Crowston et al.,
2015; Kong et al., 2012)
Reduced antioxidants and
glutathione metabolism,
mitochondrial dysfunction,
increased apoptosis, oxidative
stress. Increased pro-
inflammatory cytokines, RGC
axon cell loss. (Mirzaei et al.,
2020; Yang et al., 2016)
Decrease total retinal superoxide
dismutase and catalase activity.
Increased glutathione peroxidase
(GPX) activity, decreased
glutathione (GSH) levels. (
Moreno et al., 2004)

Oxidative modification of retinal
proteins in ocular hypertensive
eyes. (Tezel et al., 2005)
Selective hypoxia and axonal
transport disruption,
upregulation of ceruloplasmin
and active subunit of the
superoxide-generating enzyme
NADPH oxidase, increased
superoxide radicals. (Chidlow

et al., 2017)

Increased superoxide dismutases
and catalase activity. Increased
chemiluminescence, nitrite
concentration (NC), and lipid
peroxidation markers (TBARS);
reduced total antioxidant
capacity. (Ferreira et al., 2010;
Ko et al., 2005)

Modest increases in antioxidant
enzymes, increases in ROS and
oxidative damage to DNA, lipid,
and protein, increasing abnormal
mitochondria. Early changes to
oxidative stress-associated
enzyme MnSOD after injury,
changes to calcium ion
distribution pattern. (O'Hare
Doig et al., 2014; Wells et al.,
2012)

Oligodendrocyte death, delayed
RGC loss. (Nakazawa et al.,
2006)

Induces oxidative stress,
activated calpain pathway and
caused significant RGC loss 7
days after treatment. Inhibition
of calpain pathway protected
RGCs from AAPH. (Yokoyama
et al., 2014)

Gradually develops increased
IOP with age, iris
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Table 1 (continued)

Rodent model Method/Gene

Findings

Alleles contributing to
phenotype:
GprmbR13X Ty pp1i5a

Glutamate GLAST/"EEAC1”"
transport
protein KO

mice

SOD1 KO mice SOD17"

transillumination, RGC loss.
Reduced anterograde axonal
transport, increased autophagic
activity, and a dissociation of the
relationship between axon and
mitochondrial volumes. Reduced
optic nerve ATP levels. Reduced
mitochondrial cristae volume in
RGC somal and dendritic
mitochondria; reduced
mitochondrial oxidative
capacity. (Baltan et al., 2010;
Coughlin et al., 2015; Ju et al.,
2008; Kleesattel et al., 2015a,
2015b; Williams et al., 2017c)
GLAST or EAAC1 KO mice show
progressive RGC loss and optic
nerve degeneration without
increased IOP. GLAST-deficient
mice: reduced GSH levels in glia.
EAACI1-deficient mice: RGCs
more vulnerable to oxidative
stress. (Harada et al., 2020,
2007)

Reduced RGCs, nerve fibre layer
thinning. (Yuki et al., 2011)

Table 2
Oxidative stress in non-human primate glaucoma models.
Non-human Method/Gene Findings
primate
model
Acute IOP Macaca fascicularis: Anterior Obstruction of orthograde and
elevation chamber cannulation retrograde axonal transport at the
optic nerve head at 25-50 mmHg.
(Minckler et al., 1977; Quigley
and Anderson, 1976)
Chronic IOP Intracameral injection IOP elevation over 28 weeks
elevation Microbeads reduced anterograde transport,
RGC axons loss 22%,
upregulation of complement 1q,
IL-6 and BDNF. (Lambert et al.,
2019)
Aged Spontaneous glaucoma 11% developed glaucoma-like
marmoset characteristics. Increased

Macaca mulatta: Incubated
retina in hypoxic conditions
(95% N3 and 5% CO5)

Tissue culture

oxidative stress, reduced
cerebrospinal fluid (CSF)
pressure, BDNF and TrkB
expression in retina, optic nerve
head and CSF. (Noro et al., 2019)
Calpain autolysis, proteolysis of
major proteins, vimentin,
B-tubulin, a-enolase, and Hsp70. (
Nakajima et al., 2006)

RGC vulnerability to oxygen-glucose metabolic challenge induced by
IOP-elevation. Notably, bioenergetic deficiency occurred prior to signs
of axonal pathology. In line with this, Williams et al. (2017c) reported
significant mitochondrial dysfunction and reduction in NAD™ levels in
the retina of DBA/2J mice that worsened with disease progression.
Using scanning electron microscopy, Kleesattel et al. (2015a), (2015b)
found that anterograde axonal transport was reduced in DBA/2J mice,
along with a dissociation of the tight relationship between axon and
mitochondrial volumes. Williams et al. (2017b) have shown that bio-
energetic substances to support mitochondrial function, such as nico-
tinamide, or via gene therapy targeting NAMPT prevents RGC loss.
Similarly, some antioxidant studies have been performed in DBA/2J

mice as described in the Section 3.1.

In a glutamate transport protein knockout model, mice that are
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deficient of the glutamate transporters, GLAST or EEAC1, showed pro-
gressive RGC loss and reduced glutathione levels in glia (Harada et al.,
2020, 2007). Thus, existing animal models of glaucoma support the
oxidative and mitochondrial changes implicated from the human sam-
ples, highlighting the interactions with RGCs and demonstrate the
relevance and use of preclinical models.

2.4. Role of neurotrophins in mitigating oxidative stress induced retinal
ganglion cell injury in glaucoma

Neurotrophins, either retina-derived or retrogradely transported,
play an important role in RGC health and survival. Of the neurotrophins,
brain-derived neurotrophic factor (BDNF), NT3/4/5 and NGF are found
in the optic nerve and have been shown to change with chronic IOP
elevation (Guo et al., 2011; Quigley et al., 2000; Rudzinski et al., 2004).
The receptors for neurotrophins, TrkC, TrkA and p75" ' are also altered
(Cui et al., 2002; Guo et al., 2011; Lebrun-Julien et al., 2009).

Severe BNDF reduction leads to cell death, however smaller changes
in BDNF can regulate synaptic plasticity and memory (Arancio and
Chao, 2007; Lu et al., 2008). Binley et al. (2016) demonstrated in a
retinal explant model that increasing local BDNF levels can prevent
dendritic retraction, before loss of the cell body. Studies of neurode-
generative conditions in the brain point to a feedback loop, whereby
neurotrophic factors upregulate antioxidant enzymes and proteins
(Gardiner et al., 2009). Reduced neurotrophic support will thereby in-
crease oxidative stress. It is of interest that dietary restriction protection
against age-related susceptibility to IOP elevation in mice was associ-
ated with improved mitochondrial OXPHOS activity and reduced
oxidative damage (Kong et al., 2012). Williams et al. (2017a) demon-
strated that WId® expression prevented axonal degeneration and pre-
served RGC function by increasing retinal bioenergetics through NAD*
levels. Critically, Chrysostomou et al. (2016) reported that protection of
RGCs against IOP elevation in older mouse eyes with exercise was
associated with improved retinal BDNF levels. Additionally, recent ev-
idence shows a role of mesencephalic astrocyte-derived neurotrophic
factor (MANF) in regulating metabolic homeostasis (Sousa-Victor et al.,
2019) in ageing. Ko et al. (2021) recently discovered a potential role of
MANTF in protecting RGCs from oxidative stress. Therefore, restoring the
feedback between neurotrophins and the antioxidant system, through
improving bioenergetics may be an important target in glaucoma.

2.5. Downstream pathways of oxidative stress

Within the neural retina, reactive oxygen species can impact a range
of cellular pathways to modify RGC health, including nitric oxide (NO),
tumor necrosis factor-alpha (TNF-a), neurotrophic factor production
and neuroinflammation. There is strong evidence that ROS can activate
the immune response (Harder et al., 2017a, 2017b; Williams et al.,
2017) by causing antigen-specific immune responses in retinal glial cells
(Tezel et al., 2007). For example, activation of the innate immune sys-
tem via lipopolysaccharide injection into the brain leads to an acute,
increase in oxidative stress and degeneration of dendrites (Milatovic
et al., 2004). It is known that IOP elevation can activate microglia to
release inflammatory cytokines including TNF-a, IL-1p, IL-6, and IL-12
(De Hoz et al., 2018; Gonzalez et al., 2014), which leads to the pro-
duction of nitric oxide and ROS (De Hoz et al., 2018; Wang et al., 2014).
Indeed, it has been recently shown that individuals with POAG had
higher serum levels of IL-6, and the ratio of IL-6/IL-10 levels could be
potentially useful in discriminating POAG severity (Ulhaq et al., 2021).
Whilst the immune response can be initially neuroprotective, an over-
active immune response may induce RGC death via direct activation of
apoptotic pathways.

A role for glial cells in glaucoma pathogenesis has long been recog-
nized, with age-related activation of optic nerve astrocytes strongly
associated with connective tissue remodelling and glaucomatous dam-
age (Hernandez, 2000, 1997) in human glaucoma (Johnson et al., 2000;
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Minckler, 1981) and preclinical models of elevated IOP (Inman and
Horner, 2007). Astrocytes produce a range of molecules including NO,
TNF-a, cytokines (IL-6), and endothelins that are potentially directly or
indirectly neurotoxic to RGC axons (Johnson et al., 2011; Neufeld, 1997;
Yuan and Neufeld, 2000). In addition to astrocytes, retinal macroglia,
and Muller cells can also be activated by oxidative stress (Bringmann
et al., 2009). Reactive Muiller glia could increase the susceptibility of
RGCs to stress signals and contribute to disease progression. Indeed, it
has been shown that TNF-a is upregulated by Muiller cells and glia
through EphrinB/EphB signaling in models of elevated IOP (Cueva
Vargas et al., 2015; Liu et al., 2018).

Microglia are resident immune cells and play an important role in the
innate immune response. However, the activation of microglia can
damage RGCs due to their ability to secrete TNF-a, cytokines and ROS
(Hanisch and Kettenmann, 2007). Guttenplan et al. (2020) showed that
by inhibiting the microglial secretions of TNF-a, complement 1q and
IL-1a, it could prevent the formation of neuroinflammatory reactive
astrocytes and was neuroprotective against optic nerve crush. Studies
have shown activation of microglia in early disease in DBA/2 J mice
(Bosco et al., 2011). Ebneter et al. (2010) found in a laser photocoagu-
lation model of IOP elevation in the rat, that microglia activation was
associated with axonal damage. Bosco et al. treated DBA/2 J mice with
minocycline to reduce microglial activation, which resulted in improved
axonal transport and increased RGC survival (Bosco et al., 2008). A
deficiency in chemokine fractalkine receptor Cx3crl enhanced the
neurotoxic effects of microglia activation, leading to greater RGC loss in
a mouse model of glaucoma (Wang et al., 2014). Recently, Aires et al.
(2019) demonstrated that blocking microglial adenosine Aga receptors
decreased microglial proliferation and release of pro-inflammatory
mediators in response to elevated hydrostatic pressure in retinal cells.
Liddelow et al. (2017) showed that microglia are important in mediating
the transition of a subtype of reactive astrocytes (A1) from a protective
to a neurotoxic phenotype by secreting TNF-a, complement 1q and
IL-1a. Thus, modulating the neuroinflammatory sequalae of age and
IOP-related stress may help to restore oxidative balance.

3. Neuroprotective strategies to modulate oxidative stress

Environmental factors, including nutrition can have a profound ef-
fect on cellular health. Thus, the role of caloric restriction (CR) (Luo
et al., 2020) and extrinsic antioxidants (Garcia-Medina et al., 2020) has
been explored as preventive and therapeutic strategies in ageing and
age-related disease.

CR has been reported to increase longevity and has potential benefits
in injury and disease. CR causes life extension through mechanisms that
involve different nutrient-signaling pathways, such as those of the
mammalian target of rapamycin (mTOR), the insulin-like growth factor
1 (IGF-1), and the sirtuins. Sirtuins are a family of seven proteins
(SIRT1-7) with different NAD*-dependent enzymatic activities,
expressed in several tissues (Luo et al., 2020). Importantly, Sirtuin 1
(SIRT1) is activated by the upregulation of endothelial nitric oxide
synthase (eNOS), which is a very important effector of CR. SIRT1 has
been associated with biogenesis and turnover of mitochondria, aging,
oxidative stress, and neurodegenerative diseases such as glaucoma
(Zhou et al., 2018). Recent evidence indicates that regulating SIRT3 can
confer neuroprotection by reducing mitochondrial ROS production and
oxidative stress in ageing (Xie et al., 2017) and neurodegenerative dis-
eases including Parkinson’s disease (Shen et al., 2020) and Huntington’s
disease (Naia et al., 2021). In the retina, SIRT3 deficiency has been
linked to significant retinal dysfunction in a model of diabetes (Lin et al.,
2019) and acute photo-stress (Ban et al., 2017) but there are yet to be
studies on glaucoma. Thus, targeting sirtuins continues to be investi-
gated for age-related diseases.

A lack of exogenous antioxidant supply in our modern diet can
contribute to oxidative stress particularly in ageing (Martins et al.,
2016). Indeed, plant-derived antioxidants such as resveratrol-like
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compounds can stimulate sirtuins (Mayack et al., 2020), thus reducing
oxidative stress. Given our growing understanding of the oxidative stress
pathogenesis in glaucoma (McMonnies, 2018), there has been consid-
erable interest in strategies to enhance the antioxidant system (Gauthier
and Liu, 2016; Ramdas et al., 2012; Szwajgier et al., 2017) and to
improve mitochondria function in glaucoma (Almasieh et al., 2012),
particular focused on delivery of exogenous antioxidant sources. A range
of potential exogenous antioxidants for glaucoma are starting to be
tested. While many different models have been and continue to be
developed (Martins et al., 2016), it is clear that for cross- study com-
parison, standardization of in vitro and in vivo preclinical models will be
useful (Martins et al., 2016). Whilst many studies show potential benefit
of botanical compounds (Richardson et al., 2017), for the majority of
such compounds there remains significant gaps in understanding of their
mechanism of action. This section will describe current progress, present
the range of existing models that can act as a resource for comparative
future work, and highlight challenges as well as opportunities regarding
the use, screening and delivery of antioxidants in glaucoma.

3.1. Botanical derived antioxidant strategies

Plants are a large source of dietary intake of antioxidants (Fig. 2)
(Kapravelou et al., 2015; Murray and Pizzorno, 2012), especially those
containing pigments, such as chlorophyll, carotenes, flavonoids and
other phenolic compounds; vitamins; dietary fiber; enzymes; and min-
erals, among other minor constituents (Gu et al., 2019; Konczak et al.,
2009; Martins et al., 2016; Szwajgier et al., 2017; Tang et al., 2020).
Important antioxidants (Ismail et al., 2017) and modulators of cell
signaling can be found in vegetables, berries (Luis et al., 2018), nuts
(Godos et al., 2017), coffee and tea (Gorjanovic et al., 2017), and whole
grains (Debelo et al., 2020). Researchers have therefore sought botanical
compounds to yield novel antioxidants and better means to deliver
exogenous antioxidants (Rupesinghe et al., 2016). Appropriate assess-
ment of their suitability, effectiveness and mechanism of action will
allow the field to rapidly translate exogenous antioxidant strategies to
ameliorate many of the oxidative stress related diseases accumulating
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There is growing evidence of modulating neuroinflammation and
oxidative stress in the brain with natural compounds for neuro-
protection in a range of conditions (Kempuraj et al., 2021; W. Zhou
et al., 2021). Luteolin, a polyphenol flavonoid, has been identified as a
promising polyphenol by targeting oxidative stress and was protective of
microglia in Parkinson’s disease (Elmazoglu et al., 2020). Further,
luteolin can suppress the neuroinflammatory response and may have a
role as an anti-cancer agent (Imran et al., 2019), in Alzheimer’s disease
(Ali and Siddique, 2019; Daily et al., 2021), and potentially improve
cognitive dysfunction (Yao et al., 2018). There are no current studies on
luteolin and glaucoma, though there is evidence that flavonoids in
general may have a role in improving visual function in people with
glaucoma (Patel et al., 2015).

Whilst there is an emerging role of Nrf2 regulation in glaucoma, the
activation of Nrf2 signaling have been studied widely in brain conditions
to modulate oxidative stress. Ursolic acid, a natural compound derived
from berries and fruit (Luo et al., 2019), has been shown to be neuro-
protective in cerebral ischemia (Li et al., 2013) and traumatic brain
injury (Ding et al., 2017). Curcumin, found in turmeric, and has been
studied extensively in ageing (Zia et al., 2021) and Alzheimer’s disease
(Voulgaropoulou et al., 2019). Curcumin has been shown to activate the
Nrf2/ARE pathway and can provide neuroprotection in traumatic brain
injury (Dai et al., 2018), myocardial ischemia reperfusion injury (Li
etal., 2015) and neonatal hypoxic-ischemic brain injury (Rocha-Ferreira
et al., 2019). Building on this work, Davis et al. recently demonstrated
significantly reduced RGC loss in two rat glaucoma models using topical
curcumin nanocarriers (Davis et al., 2018).

Different plant species have been identified to be potentially neu-
roprotective and currently used to obtain active compounds for glau-
coma treatment, including cannabinoids (e.g., cannabidiol),
diterpenoids (e.g., ginkgolides), carotenoids (e.g., crocetin), and flavo-
noids (e.g., catechins, anthocyanins) (Table 3). Although many botan-
ical compounds have been tested preclinically (Table 4), only a few have
translated to clinical trials (Table 5). The compounds that have received
the most attention for preclinical glaucoma models include resveratrol
(Wang et al., 2019), froskolin (Cammalleri et al., 2020), and retinoic
acid (Wang et al., 2017); and for clinical trials, ginkgolides and vitamin
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Table 3
Plant species currently used to obtain active compounds for glaucoma treatment.
Plants Active compounds Visual Findings
disorder
Ginkgo biloba Ginkgolides A, B and Glaucoma Antioxidant,
C mitochondria
Bilobalide stabilization,
vasorelaxation, blood
viscosity reduction, anti-
inflammation. (Ige and
Liu, 2020; Kang and Lin,
2018)
Vaccinium Catechins Glaucoma Antioxidant, anti-
myrtillus Proanthocyanidins inflammatory. (Pires
Kaempferol et al., 2020)
Quercetin
Myricetin
Hydroxycinnamic
and hydroxybenzoic
acids
Rhus coriaria y-sitosterol Optic Nerve  Neuroprotective,
Campesterol Injury antioxidant, anti-
Stigmasta-5,24(28)- inflammatory, IOP
dien-3-ol. reduction. (Khalilpour
et al., 2018)
Erigeron Scutellarin Glaucoma Apoptosis reduction
breviscapus (Downregulation of
cleaved caspase-1, IL-18,
and IL-1f). RGC survival
and reduced microglial
activation
Inhibition of NLRP3
inflammasomes. (Zhu
et al., 2018)
Panax ginseng  Ginsenosides Rb1, Glaucoma Anti-inflammatory
Rb2, Rc, Rd, Re, Rf, (reduction of cytokines
Rgl, and Rg2 and inflammation
mediators). (Bae et al.,
2015)
Crocus sativus ~ Crocin Glaucoma Anti-inflammatory,
L. Crocetin antioxidant, anti-
apoptotic (downregulate
Bax, caspase-3). (
Fernandez-Albarral et al.,
2019)
Prunella Rosmarinic acid Glaucoma I0P reduction,
vulgaris antioxidant, MDA
production reduction. (
Wu et al., 2017)
Ribes nigrum Anthocyanins Open-angle Antioxidant, anti-
glaucoma inflammatory, ocular
(OAG) blood flow increase. (
Yoshida et al., 2013)
Heliotropium Pyrrolizidine Acute and Reduced intraocular
indicum alkaloids Saponins chronic pressure, anti-
Flavonoids glaucoma inflammatory, improved

aqueous outflow. (Kyei
et al., 2015)

E (alpha-tocopherol-acetate). These compounds are believed to improve
mitochondrial activity and reduce oxidative stress. In addition to these
neuroprotective properties, studies have also examined the IOP lowering
benefits of botanical compounds as summarized in Tables 3, 4 and 5.
Tables 4 and 5 synthesize key elements of preclinical and clinical
studies, respectively, including administration route, dosage, time/-
duration of the treatment, approach, and sample size.

3.2. Mechanisms of antioxidant strategy for glaucoma

Within mitochondria, antioxidants can exert beneficial effects via a
number of pathways, including a direct electron-donating activity and
indirect modulation of expression and action of a range of proteins
(Garcia-Medina et al., 2020). For instance, the direct antioxidative effect
of botanical compounds, such as quercetin, is mainly due to phenolic
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hydroxyl and catechol groups, which due to donation of hydrogen ions
has high scavenging efficiency for free radicals (Ganie et al., 2011).
Hormesis is an example of an indirect mechanism of antioxidants,
whereby upregulation of enzymes involved in detoxification processes
or overexpression of genes associated with repair pathways (Angeloni
et al., 2020).

Zhu and coworkers (2018) examine Erigeron breviscapus, and show
that the active compound scutellarin inhibits neuroinflammation
through the NLRP3 inflammasome signaling pathway and reduced pro-
apoptotic mediators in cell culture (Fig. 2). These effects were associated
with the inhibition of poly ADP ribose polymerase-dependent mito-
chondrial dysfunction and the subsequent translocation of the apoptosis-
inducing factor (AIF) pathway (Zhang et al., 2009). Other studies have
confirmed that NLRP3 inflammasomes are activated in acute IOP
elevation models (Chi et al., 2015, 2014; Zhu et al., 2018), and that the
suppression of the Toll-like receptor 4/caspase-8/IL-1f axis is a potential
therapeutic strategy against RGC death and glaucoma (Chi et al., 2014).
Scutellarin reduces cell injury from IOP elevation to 60 mmHg for
30 min, an effect associated with reduced microglial activation (Zhu
et al., 2018).

Crocins and crocetin extracted from Saffron (Crocus sativus L.) have
been shown to reverse LPS-induced activation and proliferation of
microglia, and reduce pro-inflammatory mediators (NO, iNOS, Cox-2,
IL-1 B, and TNF-a), by suppressing NF-kf activity (Fernandez-Albarral
et al., 2019; Lv et al., 2016; Nam et al., 2010) (Fig. 2). Crocin in PC-12
cells, blocks TNF-a-induced DNA fragmentation, and preserves mito-
chondrial membrane potential and ATP synthesis, thereby reducing ER
stress (Zhang et al., 2015). Due to its powerful antioxidant activity, the
extract of Saffron may also be useful for the treatment of brain neuro-
degenerative disorders and ocular diseases (Cordeiro et al., 2021).

Antioxidants can also impact cellular signaling pathways that
modulate cell survival directly (Fig. 2). An example is signaling through
the dedicator of cytokinesis 3 (Dock3) and apoptosis signal-regulating
kinase 1 (ASK1). Dock3 is primarily expressed in RGCs, and appears to
provide neuroprotection by inducing the degradation of N-methyl-D-
aspartate and thereby reducing superoxide production (Namekata et al.,
2013; Semba et al., 2014). ASK1 plays key roles in cellular responses to
oxidative and ER stress and is strongly activated in response to various
oxidants such as HyO5 (Katome et al., 2013). The deletion of the ASK1
gene prevents RGC death in various mouse models of glaucoma,
including retinal ischemia and optic nerve injury (Katome et al., 2013;
Kimura et al., 2017). Thus, using botanical antioxidants to modulate
ASK1 and Dock3 expression in the retina is a potential therapeutic
strategy for glaucoma.

3.3. Effective systemic delivery of exogenous antioxidants

Various antioxidant compounds taken orally might provide benefit
throughout the body to broadly counteract age-related imbalance in
oxidative stress. Such systemic delivery may also reach RGCs in suffi-
cient quantities to reduce oxidative stress and/or help as electron car-
riers to modulate mitochondrial electron flow (Martins et al., 2016;
Osborne et al., 2016). Natural products from plants, such as Ginkgo
biloba (Ige and Liu, 2020), Vaccinium myrtillus (Pires et al., 2020; West
et al., 2006), Cannabis sativa (Belyea et al., 2016), appear to improve
mitochondrial function and cell signaling. Increased energy availability
has been shown to improve vascular perfusion, reduce neuro-
inflammation, and enhance the resistance of RGCs to mechanical and
ischemic stress (Geyman et al., 2018; Ige and Liu, 2020; Kim et al., 2020;
Lascaratos et al., 2012). There is also a growing trend to combine several
plant derived antioxidants for their synergetic effects (Bernardo-Colon
et al., 2018; Cammalleri et al., 2020). However, when targeting cells in
the central nervous system, such as the neurons affected in glaucoma, it
is important to note that like other therapeutic compounds, antioxidants
might not cross the blood neural barriers. Thus, systemic delivery may
lead to poorer bioavailability in the eye than other organs, and so could
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Table 4

Ageing Research Reviews 75 (2022) 101572

Isolated antioxidant compounds and drugs used for treatment of visual disorders in in vivo preclinical models.

Compounds (Origin)

Visual disorder (model/
approach)

Animal (Gender/
age/n)

Dosage or Concentrations
tested

Treatment (Time/duration)
/ Administration method

Findings (direct or indirect
effects)

Tempol (Commercial)

Resveratrol
(Commercial)

Gallic acid
(Commercial)

Salvianolic Acid A
(Commercial)

Vitamin C and Vitamin

E (Commercial)

Retinoic Acid

(Commercial)

Epigallocatechin-3-
gallate (Commercial)

Quercetin
(Commercial)

Wogonin (Commercial)

Glaucoma (microbead/
viscoelastic injection-
induced ocular
hypertension)

Age-related retinal
neuropathy (aged
zebrafish)

Retinal Damage
(N-methyl-D-aspartate
(NMDA) 100 uM)

Glaucoma (intracameral
25 ml hyaluronic acid
10 mg/ml)

Glaucoma (intracameral
7 pL magnetic micro-
beads 9 pm diameter)

Retinal ischemia (IOP to
110 mm Hg for 60 min)

Glaucoma (intracameral
0.1 mg/ml of «
-chymotrypsin. IOP was
higher than 20 mmHg)

Ischemia/Reperfusion
model (increased IOP
with saline solution (IOP
no reported))

Ocular trauma (induced
with a 26 psi blast of air)

Retinal injury
(intravitreal,
Paclobutrazol-PBZ at 0.1,
1, or 5 ppm)

Optic nerve injury (Optic
nerve crush-ONC)

Glaucoma (IOP

18-33 mmHg,
intracameral 5 pL of
paramagnetic polystyrene
microbeads)

Optic nerve injury (Optic
nerve crush-ONC)

C57BL/6 J mice
Gender not reported
5-7 months-old

n = 12/group

Danio rerio (wild-
type of AB strain)
Both sexes

19-23 months old
n = 8/group

Danio rerio (wild-
type of AB strain)
Both sexes

3- to 6-month-old
n = 8/group
Wistar rats

Adult male

n =12/group
Sprague Dawley rats
Adult male and 4-6
weeks old

n = 6/group

Sprague Dawley rats
Gender not reported
2-3 months old

n = 5/group

New Zealand white
rabbits

Gender not reported
16-20 weeks of age
n = 6/group
Sprague Dawley rats
Males (150-200 g),
age not reported

n = 40/group
C57BL/6 mice and
Gulonolactone
oxidase knock-out
(Gulo-/-) mice
Males 3—-4 months of
age, n = 10/group
Zebrafish embryos
(AB)

n = 15/group

Wistar rats

Females

7 weeks old n = 18/
group

Wistar rats

150-200 g

Age and n not
reported

Sprague-Dawley
rats
Adult male

200 mg/kg/day

20 mg/L;
20 mg/L resveratrol+ 0.04%
ethanol

50 mg/L resveratrol;

0.04% ethanol;

100 uM NMDA;

100 uM NMDA+ 50 mg/ L
resveratrol

Riluzole (8 mg/kg/day);
Resveratrol (10 mg/kg/day)

20 mg/kg/day

250 mg/kg/day (three times,
at 1 day before, at the time of,
and 1 day after retinal injury)

50 pL (10% w/v)

10 mg/kg/day

100 mg/kg/day Vitamin C;

50 mg/kg/day Vitamin E

1 or 5nM

25 mg/kg/day® and 2 mg/kg/

day®

2 pL (10 pM/week)

30 mg/kg

Acute (6 weeks) /
Subcutaneously implanted
minipumps

Acute (1 and 10 days) /
Immersion (10 h/day
under dark condition and
another 14 h under light
condition with untreated
water)

Acute (24 h) / Immersion
(dark environment)

Acute (6 weeks) /
Intraperitoneal injection

Acute (4 weeks) /
Intragastric administration

Acute (3 days) /
Intraperitoneal injection

Acute (4 weeks) /
Intracameral injections

Acute (3 days) /
Intraperitoneal injection

Acute (1 month)

1 month prior to injury and
for the duration of the
experiment / Orally

2 hpf until 72 hpf /
Immersion

5 days from 2 days before
ONC to 2 days after?, and
until the 28th day® / IP?
and oral gavage®

2 days before model
induction continued for 4
weeks

Once, 10 min after ONC /
Intraperitoneal injection

Reduced inflammation by
decreased activation of NF-kB
and cytokines (including IL-13 in
the retina, and IL-4, IL-6, and IL-
13 in the optic nerve) and
transcriptional targets of NF-«B,
such as TNF-o and IFN-y.
Reduced oxidative stress.
Reduced ocular hypertension
and neuron loss. (Yang et al.,
2016)

Activation of AMPK/ SIRT1/
PGCla and inhibition of mTOR,
leading to increased
mitochondrial quality and
enhanced energy metabolism
(decreased mitochondrial
fragmentation and increased
autophagy/mitophagy). (Wang
et al., 2019)

Activation of SIRT1 and reduced
retinal damage potentially via
mitochondrial sirtuins and OPA1
genes. (Sheng et al., 2018)

Reduced RGC loss. (Pirhan et al.,
2016)

Retinal morphology improved.
Reduced apoptotic cells.
Reduced ROS production.
Increased mitochondrial
biogenesis and dynamics. (
Zhang et al., 2018)

Prevents RGC death, likely
through inhibition of the Bax-
caspase-3 dependent apoptotic
pathway. Reduced reactive
gliosis and decreased pro-
inflammatory mediators. (Luo
et al., 2018)

Increasing retinal antioxidants.
Reduction of oxidative stress. (
Chou et al., 2017)

Reduced RGC apoptosis and
astrocyte activation. Upregulate
MAPK pathway. (Mao and Wu,
2019)

Decrease in ROS resulted in
better axon preservation. (
Bernardo-Colén et al., 2018)

Partial rescue of mitotic cells and
eye size. Partial rescue of cone
photoreceptors. (Wang et al.,
2017)

Reduced both primary and
secondary degeneration of RGCs.
Increased NF-L in optic nerve. (
Xie et al., 2010)

Reduced RGC apoptosis. No
change in IOP. Improved
mitochondrial function and
reduced mitochondria-mediated
apoptosis. (Gao et al., 2017)
Reduced RGCs apoptosis.
Inhibited activation of caspase-
3, reduced pro-inflammatory
cytokines, gliosis, and microglial

(continued on next page)
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Table 4 (continued)
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Compounds (Origin)

Visual disorder (model/
approach)

Animal (Gender/
age/n)

Dosage or Concentrations
tested

Treatment (Time/duration)
/ Administration method

Findings (direct or indirect
effects)

Forskolin (Commercial)

Coenzyme Q10
(Commercial)

Kaempferol
(Commercial)

Ginsenoside Rgl
(Commercial)

Lutein (Commercial)

Zeaxanthin
(Commercial)

Nicotinamide
(Commercial)

Coenzyme Q10 and
(+)-a-tocopherol
acetate (Commercial)

Forskolin/
Homotaurine/
Spearmint/B
Vitamins

Forskolin/
homotaurine/L-
carnosine
(Commercial)

Naringenin, Naringin,
Hesperetin,
Hesperidin, Rutin,
and Quercetin
(Commercial)

Glaucoma (topical
instillation of 25 pL of
0.1% (w/v)
dexamethasone, IOP
24.4 £ 1.1 mmHg)

Light damage (UV-
irradiated for 1 min,
intensity of 14 mW/ cm?)

Acute IOP (IOP elevated
to 70 mmHg for 60 min)

Glaucoma (intracameral,
0.2 ml carbomer solution
0.3%; IOP >22 mm Hg for
4 weeks)

Acute Retinal ischemia/
reperfusion (ophthalmic
artery occlusion with
nylon monofilament)
Glaucoma (elevated IOP,
mutant model)

Glaucoma (mutant model,
anterior chamber
dysgenesis)

Retinal injury
(intravitreal, 2 pL/eye of
NMDA)

Glaucoma (intracameral
5 pL methylcellulose-
MCE)

Ischemia/reperfusion
(IOP 80 mmHg for
50 min)

Retinal ischemia (ligature
around optic nerve and
posterior ciliary artery for
30 min)

10 weeks old
n = 36/group

New Zealand albino
rabbits

Adult male
(2.0-2.5kg)

n = 6/group

Wistar albino rats
Adult (250-300 g)
n not reported

C57BL/6 mice
Female 6-8 weeks
old n = 5/group

New Zealand white
rabbits

Male or female
(2-2.5kg)

n = 6/group
C57BL/6 N mice
Male mice

10-12 weeks old

n = "7/group

Lrp2 (bugeye)
zebrafish

Sex not reported
1.5-3 years old

n = 10-18/group
DBA/2 J (D2) mice
Gender not reported
9 and 4-months-old
n = 8/group

ddY mouse
Male adult
(36-43 g)

n = 5-12/group
C57BL/6 mice
Male or female
8 weeks old

n = 11/group

Wistar rats
Male (280-330 g)

Long-Evans rats
Female (200-250 g)
n = 6/group

Forskolin in situ gel (0.25 mg;
25 pL of 1% (w/v) suspension)

0.2% CoQ10 in 10% Lutrol, 4
times daily

100 mg/kg/day

0.1 ml (2.5 mg/kg)

0.2 mg/kg

9.2nL (0.46 ng/pL)

550 and 2000 mg/kg/day

10 mg/kg/day
(+)-a-tocopherol acetate;

19.3 mg/kg Coleus forskohlii;
14.5 mg/kg homotaurine;
86.7 mg/kg spearmint;

0.4 mg/kg vitamin B2;

0.4 mg/kg B6; 0.3 mg/kg B1;
and 0.5 mg/kg B12
Forskolin 3 pL (0.6-6 nmol/
eye); homotaurine (0.059
pmol/eye); and L-carnosine
(0.036 pmol/eye) alone or in
combination

10 mg/kg separately

Once / Eye drop

3 days / Eye drop

Once / Intragastrically

Once per 3 days for 4 weeks
/ Intravitreal injection

1 h before and 1 h after
reperfusion /
Intraperitoneal injection

Once / Eye Injection

3 months / Orally

14 days (starting 7 days
before NMDA) / Orally

4 weeks (starting 2 weeks
before MCE) / Orally

1 h before and following
ischemia / Intravitreal
injection

Once right before the
occlusion of central retinal
arteries / Intraperitoneal
injection

activation via inhibition of
TLR4-NF-kB pathway. (Xu et al.,
2016)

Reduced IOP for 12 h. (Gupta
et al., 2010)

Protects retinal cells from serum
starvation, chemical hypoxia,
and apoptosis caused by UV- or
y-radiation by inhibiting
mitochondrial permeability
transition. (Lulli et al., 2012)
Reduced RGC death.

Reduced caspase-3, caspase-8,
and NLRP1/ NLRP3
inflammation activation.
Reduced inflammatory
cytokines production and
oxidative stress. (J.B. Lin et al.,
2019; C. Lin et al., 2019)
Reduced RGC death. Reduced
10P and NO, MDA and SOD. (
Wang et al., 2018)

Reduced RGC death, reduced
oxidative stress, NT and PAR
expression. (Li et al., 2009)

Visual acuity significatively
improved. (Saidi et al., 2015)

Improved mitochondrial health
and metabolism. Overexpression
of Nmnatl prevents axon and
soma loss. (Williams et al.,
2017¢)

Coenzyme Q10 and a-tocopherol
were synergic. Reduced
oxidative stress. (Nakajima

et al., 2008)

Reduced inflammatory markers
and apoptosis. Lowered IOP. (
Cammalleri et al., 2020)

Reduced calpain activation and
RGC death, via PI3K/Akt/GSK3-
B pathway. (Russo et al., 2015)

Enhance ocular blood flow and
retinal function recovery when
the flavonoid OH group
increases from two to four.
Potency declines with > 5 OH
groups. Rutin showed the
highest potency. (Chiou and Xu,
2004)

not reach specific and relevant sites of mitochondrial dysfunction within
neurodegenerative disorders (Tsai et al., 2018; Yin et al., 2016). In fact,
one of the major challenges in ophthalmic drug delivery is to overcome
the physical and blood-ocular barriers of the eye (Tsai et al., 2018).
Strategies capable of targeting antioxidants to mitochondria would
be preferential, as these can directly address their age-related increase
specifically in mitochondrial dysfunction, which is the primary source of
elevated reactive oxygen species. Excitingly, considerable progress has
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been made specifically in developing mitochondria-targeted molecules
such as MitoQ, MitoVitE, MitoaLipoic acid, MitoPBN, and SS31, which
will have broad applicability across ROS dependent age-related organ
function. MitoQ, MitoVitE, MitoaLipoic acid, MitoPBN are molecules
developed by conjugating antioxidant molecules to a positively charged
lipophilic phosphonium cation. Their molecular moiety allows them to
be highly attracted to mitochondrial matrix due to the charge difference,
and reduces the mitochondrial dysfunction by scavenging free radicals
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Table 5
Isolated antioxidant compounds and drugs used in clinical trials for glaucoma treatment.

Compounds (Origin) Glaucoma sub-type Severity/ visual field Gender/age/ Dosage or Time of treatment Findings (direct or indirect
(Additional information) mean defect (MD) n Concentrations / Administration effects)
prior to treatment tested method

GBE (Gingko biloba leaf

NTG

bilateral with

11 males and

40 mg, 3 times per

4 weeks / Oral

Significant improvement in

extract) progressive damage 16 females day Randomized/ MD, no change to IOP, blood
MD: 11.40 £ 3.27 dB 58-80 years- controlled, cross pressure, or heart rate. (
old over Quaranta et al., 2003)
n=27
Mean MD — 10.27 7 males and 8 80 mg 2x daily 4 weeks / Oral Mean peripapillary blood flow
females Randomized/ increased in volume, and
18-80 years- controlled velocity. (Park et al., 2011)
old
n=15
NTG (retrospective study) Mean MD Males and Unspecified Self-reported Improvement to MD. (Shim
—5.25+6.13 Females duration et al., 2012)
20-89 years- 23.81 +10.36
old (range, 6-59)
n=103 months / Oral
NTG (newly diagnosed) BCVA > 35 Males and 40 mg, 3 times per 4 weeks / Oral no significant differences
Females day observed. (Guo et al., 2014)
18-90 years- Randomized/
old controlled,
n=18 crossover
Vitamin E (alpha- OAG (n=7) Mean IOP, 20.62 Gender not 300 mg daily 1 year / Oral Visual field MD improved at 6
tocopherol-acetate, Angle closure (n = 5) (+ 2.2) mmHg, 10/ reported Randomized/ months. Posterior ciliary
commercial) 10, BCVA 55.5 mean 55.9 controlled arteries pulsatility recued at 6
(+12.1) months. Ophthalmic artery
years-old, resistivity lower in at 6 and 12
n=12 months. (Engin et al., 2007)
OAG (n=4) Mean IOP 20.95 Gender not 600 mg daily
Angle closure (n = 5) (+ 3.9) mmHg reported Randomized/
Mean BCVA 50 mean 57 controlled
(£6.3)
years-old,
n=9
POAG (n = 6), PEX Mean BCVA 55 10 males and 300 mg daily 2 months / Oral No significant differences
(n = 13) (concurrent (84-35) 9 females, Randomized/ were observed. (Goldblum
glaucoma filtration n=19 controlled et al., 2009)
surgery)
Epigallocatechin-gallate OAG IOP > 21 mmHg Males and 200 mg daily 3 months / Oral Small but significant
(commercial) MD > —-10 dB Females Randomized/ improvement in retinal
30-76 years- controlled, cross ganglion cell (pattern
old over electroretinogram). (Falsini
n=18 et al., 2009)
Anthocyanins (Black OAG (2 years treatmentby =~ MD > - 12 dB Males and 25 mg daily 1 year / Oral Increased retinal blood flow
current) antiglaucoma drops before Females Randomized/ was observed and ET-1 serum
study) 20-80 years- controlled concentrations normalized. (
old Yoshida et al., 2013)
n=19
Brudysec 1.5 POAG Non-severe Males and 2x Brudysec 1.5 3 months / Oral Symptoms of dry-eyes were
(commercial) Females tablets daily relived, IL-6 and TNF-«
25-80 years- Randomized/ expression significantly
old controlled decreased in tears. No changes
n=31 to BCVA were noted. (
Pinazo-duran et al., 2013)
Saffron (commercial) POAG (6 months stable MD — 547 £1.5 21 males and 30 mg daily 1 months / Oral Significant Reduction in IOP
glaucoma, concurrent BCVA 70 13 females Randomized/ during consumption period. (
timolol /dorzolamide) IOP 12.9 + 3.7 mmHg > 50 years- controlled Pinazo-duran et al., 2013)
old
n=234
ICAPS R® — Alcon POAG (concurrent topical Mean MD 5.54 (2.63) ICAPS R®: 5 tablets x weekly 2 years / Oral No significant differences
Laboratories (Vit A, B, ocular hypotensive, (ICAPS R®) and 5.30 11 males and Randomized/ were observed. (
C, E, lutein, Caucasian subjects, (3.66) (OFTAN 15 females controlled Garcia-Medina et al., 2015)
Zeaxanthin); OFTAN Glaucoma diagnosis 2 MACULA®) > 40 years-
MACULA® — years previous the old
Laboratorios Esteve assessments) n=26
(Vit A,B,C,E,lutein, OFTAN
Zeaxanthin, omega 3) MACULA®
10 males and
18 females
> 40 years-
old
n=28
Vitamin A and Palmitate 8 malesand 2 2x daily 1 year / Oral Reduction in dry-eye
females applications of symptoms were observed and
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(continued on next page)
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Table 5 (continued)
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Compounds (Origin) Glaucoma sub-type Severity/ visual field Gender/age/ Dosage or Time of treatment Findings (direct or indirect
(Additional information) mean defect (MD) n Concentrations / Administration effects)
prior to treatment tested method
POAG: PGA" monotherapy =~ BCVA 45 +7 35-71 years- vitamin A treatment prevented decline
for minimum 1 year prior Mean IOP old palmitate 0.1% in RGC density. (Cui et al.,
(n=23) 15.8 + 2.44 mmHg n =310 Randomized/ 2016)
NTG: PGA monotherapy controlled
Ginkgo biloba Optic for minimum 1 year prior OAG BCVA > 60 18 males and 24 1 tablet x daily 1 month / Oral
Nerve Formula n=7) Mean IOP females (Optic Nerve
15.00 mmHg 30-70 years-old Formula)
(0.68) n=42 Randomized,

Retrobulbar and retinal
capillary blood flow
increased with
treatment. (Harris
et al., 2018)

CQ10 and Vit E

PEX (concurrent Mean postoperative

29 males and

double blind,
crossover

2x daily (100 mg 1 month / Oral Superoxide dismutase levels

phacoemulsification and 10P of 35 females CQ10, 500 mg were lower in treatment
intraocular lens 13.7 + 4.3 mmHg 66-81 years- Vitamin E TPGS) groups. (Ozates et al., 2019)
implantation) old Randomized
n=64
Anthocyanins NTG (retrospective study Mean MD: Males and Self-reported treatment Mean BCVA for all eyes
(V. myrtillus extract) —6.44 +£7.05 Females treatment duration improved and mean Visual
20-89 years- duration: 24.32 +10.43 Field test scores improved. (
old 24.32 +10.43 months / Oral Shim et al., 2012)
n=132 (range, 6-53)
months
Nicotinamide POAG/NTG (n = 37) Mean MD (placebo): 31 Males and 1.5 g daily for 6 12 weeks each of Significant improvement in
(commercial) Angle closure (n = 8) — 5.46 dB (—7.20, 18 Females weeks then 3.0 g nicotinamide and RGC function measured using
PXF/PDG (n = 4) -1.10) 65.5 +10.0 daily for 6 weeks placebo electroretinography. (Hui
(nicotinamide): years-old et al., 2020)
—4.51dB (-8.37, n=49
—1.84)

# PGA: Prostaglandin analogs.

rapidly (Babizhayev, 2016; Yin et al., 2016). SS31 is a tetra-peptide
which sequence allows it to target mitochondria, scavenge free radi-
cals, including HoO3 and ONOO ™, and inhibit lipid peroxidation (Calkins
etal., 2011; Yin et al., 2016). Due to their mitochondrial ROS reduction
ability, molecules such as MitoQ and SS31 have been demonstrated to be
promising candidates to treat oxidative stress in age-related diseases,
such as Diabetes, Alzheimer, and Huntington (Bhatti et al., 2021; Calkins
et al., 2011; Yin et al., 2016).

However, despite mounting evidence of the advantages of natural
antioxidants, the lack of clinical translational highlights limitations,
such as those related to biodistribution, solubility, low oral absorption,
and systemic bioavailability (Buosi et al., 2020). For instance, Resver-
atrol bioavailability is relatively low (<1%) due to its rapid metabolism
in the intestine and liver involving glucuronidated and sulfated com-
pounds to generate key metabolites, trans-resveratrol-3-O-glucoronide
and trans-resveratrol-resveratrol-3-sulfate, respectively, and elimina-
tion of these metabolites (Walle, 2011). The low stability and solubility
of quercetin under oxidative conditions (e.g. in aerobic aqueous media)
could decrease quercetin concentration by almost 98% (Makris and
Rossiter, 2000; van der Woude et al., 2003). This effect of the food
matrix has also been investigated for resveratrol bioavailability.
Resveratrol-containing liquid formulations (either added or endogenous
resveratrol) such as grape juice, vegetable juice, wine show similar ab-
sorption behavior; high-fat foods delayed absorption; and neither
alcohol affected resveratrol bioavailability (la Porte et al., 2010).
Furthermore, the antioxidant activity is also dose and time dependent.
Considering the fact that rapid absorption and metabolism of resveratrol
is often believed to be a potential limitation of its activity and biological
effects, it remains to be seen whether maximizing any of these param-
eters is important for the clinical efficacy of resveratrol (Abu-Amero
et al., 2016b). Due to the limited water solubility and bioavailability of
natural antioxidants, formulations, and optimizations of these bioactive

12

compounds, possibly including newly developed carriers, may be
needed to achieve higher bioactivity and clinical efficacy. In this regard,
nanotechnology enters into this scene as the central character to
over-come the obstacles mentioned above.

3.4. Approaches for effective antioxidant delivery for glaucoma

For drug delivery to the eye for treatment of glaucoma, established
ocular delivery routes include topical application, intravitreal (Doo-
zandeh and Yazdani, 2016; Weng et al., 2017), subretinal (Ochakovski
et al., 2017), subtenon (Ohira et al., 2015) or suprachoroidal (Himawan
etal., 2019; Yeh et al., 2019) injections or systemic delivery through the
vascular system (Himawan et al., 2019) are commonly used. Current
drug delivery approaches for glaucoma and novel therapies are the
subject of a number of excellent reviews by Lavik et al. (2011),
Guglielmi et al. (2019), Lavik et al. (2011), and Kompella et al. (2020).
The delivery of antioxidants as a treatment to RGCs, however, has very
specific challenges, and current delivery approaches can limit the
pharmaceutical action of antioxidants.

Due to the special physiological barriers and anatomical structures of
the human eye, antioxidant delivery for the treatment of glaucoma can
suffer from low efficiency and lack of specificity (Weng et al., 2017).
Antioxidant delivery to the retina, choroid, and Bruch’s membrane is
challenging as the diseases affecting the posterior segment of the eye
require long-term delivery at a higher dose. Furthermore, due to the
presence of static barriers (sclera, retinal pigment epithelium (RPE), and
multidrug resistance efflux pumps) treatment strategies such as oral,
intraocular, and periocular have limited success (Bolla et al., 2020;
Nayak and Misra, 2018). In addition, first pass metabolism leads to
significant degradation before reaching the systemic circulation (Rat-
nam et al., 2006). Whilst topical delivery is excellent for IOP lowering
medications (e.g. prostaglandin analogs, f-adrenergic blockers,
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a-adrenergic agonists, carbonic anhydrase inhibitors, and cholinergic
agonist) (Guglielmi et al., 2019) antioxidants are unstable in physio-
logical media and topical ocular delivery of hydrophilic or hydrophobic
antioxidants both encounter significant barriers in crossing the cornea.
Consequently, these limitations highlight the need to design more
appropriate antioxidant formulations for glaucoma treatment.

Excitingly much effort and progress are being made to overcome
current delivery system limitations. These will be critical for advancing
patient-friendly antioxidant treatment strategies Current intraocular
drug delivery systems (DDS) can include microcarriers (1-1000 pm)
(Arranz-Romera et al., 2019; Mietzner et al., 2020) and implants (>
1 mm), but of particular interest are nanocarriers (1-1000 nm), as they
have the advantage of being able to be internalized by cells, to target
efficient cellular drug delivery (Arranz-Romera et al, 2019;
Bravo-Osuna et al., 2018). Nanosystems that carry, encapsulate or are
conjugated with bioactive compounds act like a “Trojan Horse” by
manipulating physicochemical properties (e.g. elemental composition,
size, stability, surface charge, crystalline structure, chemical reactivity,
solubility, physical and optical properties) (Huang and Chau, 2019), to
optimise transport of antioxidants across physiological barriers. Nano-
carriers (Fig. 3A) most commonly used to deliver bioactive compounds
in the eye are nanoparticles (NPs) (Dillinger et al., 2018; Salama et al.,
2017; Sanchez-Lopez et al., 2018), liposomes (Fernando et al., 2018;
Gomez-Ballesteros et al., 2019), nanocomposites (Sharma and Chauhan,
2020), and dendrimers (Lancina et al., 2017) (Table 6).

Emerging nanotechnology and nanomaterials-based strategies
(Fig. 3A) have a range of customizable features that may be particularly
suitable for delivery of antioxidants to RGCs (Fig. 3B). Potential benefits
of nanotechnology include superior solubility and stability, improved
epithelium permeability, enhanced tissue targeting, fewer side effects,
sustained drug release (Fig. 3C and D), stimuli responsive release and
bioadhesive enhancement (Meng et al., 2019; Sah et al., 2020; Weng
et al., 2017) which can increase drug residence time on the ocular sur-
face thereby increasing drug penetrance and ocular bioavailability
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(Cheng et al., 2019; Li et al., 2020; Mishra et al., 2017). These tech-
nologies are rapidly developing alongside identification of novel ther-
apeutic drugs and will need to be considered for each potential
antioxidant compound. A number of drugs including antioxidants (e.g.,
Resveratrol, and Quercetin) delivered using nanomedicine formulations
are currently under preclinical investigation (Table 6).

Although, there has been significant growth in drug-delivery systems
to the retina significant work remains to improve comfort, safety (bio-
accumulation, degradation, excretion, production of unwanted metab-
olites, side effects, toxicity), efficacy and duration of therapy, using
natural antioxidants as bioactive compounds.

4. Conclusions

Continued improvement in understanding the underlying genetic,
cellular and molecular pathways of mitochondrial dysfunction, as well
as the interplay between ageing, disease-specific genes and oxidative
stress (Golpich et al., 2016) will help uncover viable therapeutic targets
for glaucoma. In particular, restoring the feedback balance between
neurotrophins, neuroinflammation and the antioxidant systems may be
an important wholistic approach. To this end therapeutic strategies
against oxidative stress in glaucoma are currently under active investi-
gation, including identification of promising sustainable antioxidant
compounds from native fruits, herbs and spices (Rupesinghe et al.,
2016) and complementary nanocarriers to delivery enough to the back
of the eye.
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Table 6

Nanosystems currently used to deliver antioxidant compounds to treat glaucoma in preclinical models.
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Nanosystem Bioactive Features Preclinical stage (model) ~ Administration Findings (direct or indirect effects)

compounds method

Nanoparticles Resveratrol (RES) Co-encapsulated resveratrol and In vivo (normotensive Topical (drops) RES and QUR loaded PEG modified NPs

and Quercetin quercetin in chitosan (CS) and PEG rabbits) showed a synergistic IOP effect with
(QUR) modified chitosan. increased ROs scavenging than RES and
d: 308 nm, PDI: 0.572 QUR alone. RES and QUR in PEG showed
improved corneal permeation. (Natesan
et al., 2017)
Resveratrol (RES) RES-loaded PEG-modified CS NPs. In vivo (normotensive Topical (drops) RES-loaded CS NPs has sustained RES
d: 129.8 nm, PDI: 0.351 rabbits) release, crossed the ocular barriers,
reached up to retinal choroid and reduced
the IOP. (Pandian et al., 2017)
Dorzolamide (DZ) Dorzolamide-loaded PLGA/vitamin E In vivo (normotensive Topical (drops) Vitamin E TPGS as an emulsifier instead of
hydrochloride and TPGS nanoparticles. New Zealand albino PVA, a significant increase in drug
vitamin E-TPGS d: 132.2 & 24.3 nm, PDI: 0.180 rabbits) encapsulation efficiency and corneal
permeation with a sustained IOP-lowering
effect was obtained. (Warsi et al., 2014)
Curcumin Curcumin-loaded TPGS micelles (CN) Invivo (Induced OHT and  Topical (drops) CN significantly reduced retinal ganglion
d: 16 nm, Dh: 17.9 nm, PDI: 0.10 pONT in adult male Dark cell loss in vivo, and increased R28 cell
Agouti rats) and In vitro viability and protected against cobalt
(R28 cell line) chloride induced hypoxia and glutamate
induced toxicity. (Davis et al., 2018)
SA-9 Bi-functional hybrid compound SA-9 In vivo (induced OHT in Topical (drops) Reduced IOP, and demonstrated
loaded PLGA nanoparticles C57BL/6 J mice) immediate broad-spectrum ROS
scavenging activities followed by delayed
NO release profile. (Amankwa et al.,
2021).

Liposomes Latanoprost/ Latanoprost/thymoquinone-loaded In vivo (glaucoma was Topical (drops) Sustained drug release and showed the
thymoquinone liposomes. induced in New Zealand maximum IOP lowering effect up to 84 h.
(TQ). d: 150.2 + 9.46 nm, PDI: 0.48 albino male rabbits) TQ improved retinal damage and

decreased IOP. (Fahmy et al., 2018)
Dendrimers Superoxide Boronic acid-rich dendrimer (BARD) In vivo (Wistar rats, Intravitreal Protected the RGCs from apoptosis,
dismutase (SOD) conjugated with SOD Ischemia reperfusion injection recovered the electrophysiological
d: 124 + 9 nm, PDIL: 0.30, ZP: injury) function of I/R rats, and it was not toxic.
19.4 +1mV (X.Zhou et al., 2021)

Nanocomposites  Curcumin Hydrogel: In vivo (New Zealand Topical (drops) CUR-NPs decrease oxidative stress-
Thermosensitive chitosan-gelatin-based albino rabbits) mediated TM cell damage via decreasing
hydrogel containing curcumin-loaded inflammation, mitochondrial ROS
(CUR-NPs) production and apoptosis. (Cheng et al.,
d: 161 + 6.0 nm, PDI: 0.04 + 0.023, ZP: 2019)

—23.79 + 2.65
Brimonidine In-situ gelling: In vivo (glaucoma was Topical (drops) Improved bioavailability, better

tartrate and vitamin
E

Brimonidine tartrate encapsulated
vitamin E-tocopheryl polyethylene
glycol succinate-polycaprolacton.
d:243.4 + 5.2 nm, PDI:0.103 + 0.02,
ZP:+ 3.23 + 0.01 mV

induced in White New
Zealand)

permeation, better IOP lowering capacity
compared with marketed eye drops till
8 h. (Sharma and Chauhan, 2020)

Particle size (d), zeta potential (ZP), polydispersity index (PDI), hydrodynamic diameter (Dh).

Conflict of interest
There is no conflict of interest.

Acknowledgements

Almasieh, M., Wilson, A.M., Morquette, B., Cueva Vargas, J.L., Di Polo, A., 2012. The
molecular basis of retinal ganglion cell death in glaucoma. Prog. Retin. Eye Res. 31,
152-181. https://doi.org/10.1016/j.preteyeres.2011.11.002.

Amankwa, C.E., Gondi, S.R., Dibas, A., Weston, C., Funk, A., Nguyen, T., Nguyen, K.T.,
Ellis, D.Z., Acharya, S., 2021. Novel thiol containing hybrid antioxidant-nitric oxide
donor small molecules for treatment of glaucoma. Antioxidants 10, 575. https://doi.
org/10.3390/antiox10040575.

The authors are grateful for funding support through the J. N. Peters
Postdoctoral Fellowship (PRCV) and K. M. Brutton Bequest (PRCV) from
the Faculty of Science, University of Melbourne, Australia.

References

Abu-Amero, K., Kondkar, A., Chalam, K., 2016a. Mitochondrial aberrations and
ophthalmic diseases. J. Transl. Sci. 3 https://doi.org/10.15761/JTS.1000167.
Abu-Amero, K., Kondkar, A., Chalam, K., 2016b. Resveratrol and ophthalmic diseases.

Nutrients 8, 200. https://doi.org/10.3390/nu8040200.

Aires, 1.D., Boia, R., Rodrigues-Neves, A.C., Madeira, M.H., Marques, C., Ambrésio, A.F.,
Santiago, A.R., 2019. Blockade of microglial adenosine A 2A receptor suppresses
elevated pressure-induced inflammation, oxidative stress, and cell death in retinal
cells. Glia 67, 896-914. https://doi.org/10.1002/glia.23579.

Ali, F., Siddique, Y.H., 2019. Bioavailability and pharmaco-therapeutic potential of
luteolin in overcoming Alzheimer’s disease. CNS Neurol. Disord. - Drug Targets 18,
352-365. https://doi.org/10.2174/1871527318666190319141835.

14

Andersen, J.K., 2004. Oxidative stress in neurodegeneration: cause or consequence? Nat.
Med. 10, S18-S25. https://doi.org/10.1038/nrn1434.

Anderson, D.R., Hendrickson, A., 1974. Effect of intraocular pressure on rapid
axoplasmic transport in monkey optic nerve. Investig. Ophthalmol. 13, 771-783.

Angeloni, C., Businaro, R., Vauzour, D., 2020. The role of diet in preventing and reducing
cognitive decline. Curr. Opin. Psychiatry 33, 432-438. https://doi.org/10.1097/
YCO0.0000000000000605.

Arancio, O., Chao, M.V., 2007. Neurotrophins, synaptic plasticity and dementia. Curr.
Opin. Neurobiol. 17, 325-330. https://doi.org/10.1016/j.conb.2007.03.013.

Arranz-Romera, A., Davis, B.M., Bravo-Osuna, I., Esteban-Pérez, S., Molina-Martinez, I.
T., Shamsher, E., Ravindran, N., Guo, L., Cordeiro, M.F., Herrero-Vanrell, R., 2019.
Simultaneous co-delivery of neuroprotective drugs from multi-loaded PLGA
microspheres for the treatment of glaucoma. J. Control. Release 297, 26-38. https://
doi.org/10.1016/j.jconrel.2019.01.012.

Aslan, M., Dogan, S., Kucuksayan, E., 2013. Oxidative stress and potential applications of
free radical scavengers in glaucoma. Redox Rep. 18, 76-87. https://doi.org/
10.1179/1351000212Y.0000000033.

Babizhayev, M.A., 2016. Generation of reactive oxygen species in the anterior eye
segment. Synergistic codrugs of N-acetylcarnosine lubricant eye drops and
mitochondria-targeted antioxidant act as a powerful therapeutic platform for the
treatment of cataracts and primary open-an. BBA Clin. 6, 49-68. https://doi.org/
10.1016/j.bbacli.2016.04.004.


https://doi.org/10.15761/JTS.1000167
https://doi.org/10.3390/nu8040200
https://doi.org/10.1002/glia.23579
https://doi.org/10.2174/1871527318666190319141835
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.3390/antiox10040575
https://doi.org/10.3390/antiox10040575
https://doi.org/10.1038/nrn1434
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref8
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref8
https://doi.org/10.1097/YCO.0000000000000605
https://doi.org/10.1097/YCO.0000000000000605
https://doi.org/10.1016/j.conb.2007.03.013
https://doi.org/10.1016/j.jconrel.2019.01.012
https://doi.org/10.1016/j.jconrel.2019.01.012
https://doi.org/10.1179/1351000212Y.0000000033
https://doi.org/10.1179/1351000212Y.0000000033
https://doi.org/10.1016/j.bbacli.2016.04.004
https://doi.org/10.1016/j.bbacli.2016.04.004

P.R. Cdceres-Vélez et al.

Bae, HW., Kim, J.H., Kim, S., Kim, M., Lee, N., Hong, S., Seong, G.J., Kim, C.Y., 2015.
Effect of Korean Red Ginseng supplementation on dry eye syndrome in glaucoma
patients — a randomized, double-blind, placebo-controlled study. J. Ginseng Res. 39,
7-13. https://doi.org/10.1016/j.jgr.2014.07.002.

Bailey, J.N.C., Loomis, S.J., Kang, J.H., Allingham, R.R., Gharahkhani, P., Khor, C.C.,
Burdon, K.P., Aschard, H., Chasman, D.I., Igo, R.P., Hysi, P.G., Glastonbury, C.A.,
Ashley-Koch, A., Brilliant, M., Brown, A.A., Budenz, D.L., Buil, A., Cheng, C.-Y.,
Choi, H., Christen, W.G., Curhan, G., De Vivo, 1., Fingert, J.H., Foster, P.J., Fuchs, C.,
Gaasterland, D., Gaasterland, T., Hewitt, A.W., Hu, F., Hunter, D.J., Khawaja, A.P.,
Lee, RK,, Li, Z., Lichter, P.R., Mackey, D.A., McGuffin, P., Mitchell, P., Moroi, S.E.,
Perera, S.A., Pepper, K.W., Qi, Q., Realini, T., Richards, J.E., Ridker, P.M., Rimm, E.,
Ritch, R., Ritchie, M., Schuman, J.S., Scott, W.K., Singh, K., Sit, A.J., Song, Y.E.,
Tamimi, R.M., Topouzis, F., Viswanathan, A.C., Verma, S.S., Vollrath, D., Wang, J.J.,
Weisschuh, N., Wissinger, B., Wollstein, G., Wong, T.Y., Yaspan, B.L., Zack, D.J.,
Zhang, K., Study, E.-N.E., Weinreb, R.N., Pericak-Vance, M.A., Small, K.,
Hammond, C.J., Aung, T., Liu, Y., Vithana, E.N., MacGregor, S., Craig, J.E., Kraft, P.,
Howell, G., Hauser, M.A., Pasquale, L.R., Haines, J.L., Wiggs, J.L., 2016. Genome-
wide association analysis identifies TXNRD2, ATXN2 and FOXC1 as susceptibility
loci for primary open-angle glaucoma. Nat. Genet. 48, 189-194. https://doi.org/
10.1038/ng.3482.

Baltan, S., Inman, D.M., Danilov, C.A., Morrison, R.S., Calkins, D.J., Horner, P.J., 2010.
Metabolic vulnerability disposes retinal ganglion cell axons to dysfunction in a
model of glaucomatous degeneration. J. Neurosci. 30, 5644-5652. https://doi.org/
10.1523/JNEUROSCI.5956-09.2010.

Ban, N., Ozawa, Y., Osada, H., Lin, J.B., Toda, E., Watanabe, M., Yuki, K., Kubota, S.,
Apte, R.S., Tsubota, K., 2017. Neuroprotective role of retinal SIRT3 against acute
photo-stress. NPJ Aging Mech. Dis. 3, 19. https://doi.org/10.1038/s41514-017-
0017-8.

Behndig, A., Svensson, B., Marklund, S.L., Karlsson, K., 1998. Superoxide dismutase
isoenzymes in the human eye. Investig. Ophthalmol. Vis. Sci. 39, 471-475.

Belyea, D.A., Alhabshan, R., del Rio-Gonzalez, A.M., Chadha, N., Lamba, T., Golshani, C.,
Merchant, K., Passi, N., Dan, J.A., 2016. Marijuana use among patients with
Glaucoma in a city with legalized medical marijuana use. JAMA Ophthalmol. 134,
259. https://doi.org/10.1001/jamaophthalmol.2015.5209.

Bernardo-Coldn, A., Vest, V., Clark, A., Cooper, M.L., Calkins, D.J., Harrison, F.E., Rex, T.
S., 2018. Antioxidants prevent inflammation and preserve the optic projection and
visual function in experimental neurotrauma. Cell Death Dis. 9, 1097. https://doi.
org/10.1038/541419-018-1061-4.

Berry, R.H., Qu, J., John, S.W., Howell, G.R., Jakobs, T.C., 2015. Synapse loss and
dendrite remodeling in a mouse model of glaucoma. PLoS One 10, e0144341.
https://doi.org/10.1371/journal.pone.0144341.

Bhatti, J.S., Thamarai, K., Kandimalla, R., Manczak, M., Yin, X., Kumar, S., Vijayan, M.,
Reddy, P.H., 2021. Mitochondria-targeted small peptide, SS31 ameliorates diabetes
induced mitochondrial dynamics in male tallyHO/JngJ mice. Mol. Neurobiol. 58,
795-808. https://doi.org/10.1007/s12035-020-02142-7.

Binley, K.E., Ng, W.S., Barde, Y.-A., Song, B., Morgan, J.E., 2016. Brain-derived
neurotrophic factor prevents dendritic retraction of adult mouse retinal ganglion
cells. Eur. J. Neurosci. 44, 2028-2039. https://doi.org/10.1111/ejn.13295.

Birben, E., Sahiner, U.M., Sackesen, C., Erzurum, S., Kalayci, O., 2012. Oxidative stress
and antioxidant defense. World Allergy Organ. J. 5, 9-19. https://doi.org/10.1097/
WOX.0b013e3182439613.

Bolla, P.K., Gote, V., Singh, M., Patel, M., Clark, B.A., Renukuntla, J., 2020. Lutein-
loaded, biotin-decorated polymeric nanoparticles enhance lutein uptake in retinal
cells. Pharmaceutics 12, 1-17. https://doi.org/10.3390/pharmaceutics12090798.

Bosco, A., Inman, D.M., Steele, M.R., Wu, G., Soto, I., Marsh-Armstrong, N., Hubbard, W.
C., Calkins, D.J., Horner, P.J., Vetter, M.L., 2008. Reduced retina microglial
activation and improved optic nerve integrity with minocycline treatment in the
DBA/2J mouse model of glaucoma. Investig. Opthalmol. Vis. Sci. 49, 1437. https://
doi.org/10.1167/io0vs.07-1337.

Bosco, A, Steele, M.R., Vetter, M.L., 2011. Early microglia activation in a mouse model
of chronic glaucoma. J. Comp. Neurol. 519, 599-620. https://doi.org/10.1002/
cne.22516.

Bourdel-Marchasson, 1., Delmas-Beauviex, M.C., Peuchant, E., Richard-Harston, S.,
Decamps, A., Reigneir, B., Emeriau, J.P., Rainfray, M., 2001. Antioxidant defences
and oxidative stress markers in erythrocytes and plasma from normally nourished
elderly Alzheimer patients. Age Ageing 30, 235-241. https://doi.org/10.1093/
ageing/30.3.235.

Bravo-Osuna, 1., Andrés-Guerrero, V., Arranz-Romera, A., Esteban-Pérez, S., Molina-
Martinez, I.T., Herrero-Vanrell, R., 2018. Microspheres as intraocular therapeutic
tools in chronic diseases of the optic nerve and retina. Adv. Drug Deliv. Rev. 126,
127-144. https://doi.org/10.1016/j.addr.2018.01.007.

Bringmann, A., Pannicke, T., Biedermann, B., Francke, M., Iandiev, 1., Grosche, J.,
Wiedemann, P., Albrecht, J., Reichenbach, A., 2009. Role of retinal glial cells in
neurotransmitter uptake and metabolism. Neurochem. Int. 54, 143-160. https://doi.
org/10.1016/j.neuint.2008.10.014.

Bui, B.V., Edmunds, B., Cioffi, G.A., Fortune, B., 2005. The gradient of retinal functional
changes during acute intraocular pressure elevation. Investig. Opthalmol. Vis. Sci.
46, 202. https://doi.org/10.1167/iovs.04-0421.

Bull, N.D., Johnson, T.V., Welsapar, G., DeKorver, N.W., Tomarev, S.I., Martin, K.R.,
2011. Use of an adult rat retinal explant model for screening of potential retinal
ganglion cell neuroprotective therapies. Investig. Opthalmol. Vis. Sci. 52, 3309.
https://doi.org/10.1167/iovs.10-6873.

Buosi, F.S., Alaimo, A., Di Santo, M.C., Elias, F., Garcia Linares, G., Acebedo, S.L.,
Castaneda Catana, M.A., Spagnuolo, C.C., Lizarraga, L., Martinez, K.D., Pérez, O.E.,
2020. Resveratrol encapsulation in high molecular weight chitosan-based nanogels

15

Ageing Research Reviews 75 (2022) 101572

for applications in ocular treatments: Impact on human ARPE-19 culture cells. Int. J.
Biol. Macromol. 165, 804-821. https://doi.org/10.1016/].ijbiomac.2020.09.234.

Butterfield, A., Hensley, K., Cole, P., Subramaniam, R., Aksenov, M., Aksenova, M.,
Bummer, P.M., Haley, B.E., Carney, J.M., 2002. Oxidatively induced structural
alteration of glutamine synthetase assessed by analysis of spin label incorporation
kinetics: relevance to Alzheimer’s disease. J. Neurochem. 68, 2451-2457. https://
doi.org/10.1046/j.1471-4159.1997.68062451.x.

Calkins, M.J., Manczak, M., Mao, P., Shirendeb, U., Reddy, P.H., 2011. Impaired
mitochondrial biogenesis, defective axonal transport of mitochondria, abnormal
mitochondrial dynamics and synaptic degeneration in a mouse model of Alzheimer’s
disease. Hum. Mol. Genet. 20, 4515-4529. https://doi.org/10.1093/hmg/ddr381.

Cammalleri, M., Dal Monte, M., Amato, R., Bagnoli, P., Rusciano, D., 2020. A dietary
combination of forskolin with homotaurine, spearmint and B vitamins protects
injured retinal ganglion cells in a rodent model of hypertensive glaucoma. Nutrients
12, 1189. https://doi.org/10.3390/nu12041189.

Chang, L.K., Putcha, G. V., Deshmukh, M., Johnson, E.M., 2002. Mitochondrial
Involvement in the Point of No Return in Neuronal Apoptosis. (https://doi.
org/10.1016/s0300-9084(02)01372-x).

Cheng, J., Liang, J., Qi, J., 2017. Role of nuclear factor (erythroid-derived 2)-like 2 in the
age-resistant properties of the glaucoma trabecular meshwork. Exp. Ther. Med. 14,
791-796. https://doi.org/10.3892/etm.2017.4543.

Cheng, Y.H., Ko, Y.C., Chang, Y.F., Huang, S.H., Liu, C.J. ling, 2019. Thermosensitive
chitosan-gelatin-based hydrogel containing curcumin-loaded nanoparticles and
latanoprost as a dual-drug delivery system for glaucoma treatment. Exp. Eye Res.
179, 179-187. https://doi.org/10.1016/j.exer.2018.11.017.

Chi, W., Chen, H., Li, F., Zhu, Y., Yin, W., Zhuo, Y., 2015. HMGB1 promotes the
activation of NLRP3 and caspase-8 inflammasomes via NF-xB pathway in acute
glaucoma. J. Neuroinflamm. 12, 137. https://doi.org/10.1186/512974-015-0360-2.

Chi, W., Li, F., Chen, H., Wang, Y., Zhy, Y., Yang, X., Zhu, J., Wy, F., Ouyang, H., Ge, J.,
Weinreb, R.N., Zhang, K., Zhuo, Y., 2014. Caspase-8 promotes NLRP1/NLRP3
inflammasome activation and IL-1p production in acute glaucoma. Proc. Natl. Acad.
Sci. U.S.A. 111, 11181-11186. https://doi.org/10.1073/pnas.1402819111.

Chidlow, G., Wood, J.P.M., Casson, R.J., 2017. Investigations into hypoxia and oxidative
stress at the optic nerve head in a rat model of glaucoma. Front. Neurosci. 11 https://
doi.org/10.3389/fnins.2017.00478.

Chiou, G.C.Y., Xu, X.-R., 2004. Effects of some natural flavonoids on retinal function
recovery after ischemic insult in the rat. J. Ocul. Pharmacol. Ther. 20, 107-113.
https://doi.org/10.1089/108076804773710777.

Chou, S.F., Luo, L.J., Lai, J.Y., 2017. In vivo pharmacological evaluations of pilocarpine-
loaded antioxidant-functionalized biodegradable thermogels in glaucomatous
rabbits. Sci. Rep. 7, 1-15. https://doi.org/10.1038/srep42344.

Chrysostomou, V., Galic, S., Wijngaarden, P., Trounce, I.A., Steinberg, G.R., Crowston, J.
G., 2016. Exercise reverses age-related vulnerability of the retina to injury by
preventing complement-mediated synapse elimination via a <scp>BDNF</scp>
-dependent pathway. Aging Cell 15, 1082-1091. https://doi.org/10.1111/
acel.12512.

Chrysostomou, V., Rezania, F., Trounce, L.A., Crowston, J.G., 2013. Oxidative stress and
mitochondrial dysfunction in glaucoma. Curr. Opin. Pharmacol. 13, 12-15. https://
doi.org/10.1016/j.coph.2012.09.008.

Cordeiro, S., Silva, B., Martins, A.M., Ribeiro, H.M., Gongalves, L., Marto, J., 2021.
Antioxidant-loaded mucoadhesive nanoparticles for eye drug delivery: a new
strategy to reduce oxidative stress. Processes 9, 1-19. https://doi.org/10.3390/
pro020379.

Coughlin, L., Morrison, R.S., Horner, P.J., Inman, D.M., 2015. Mitochondrial morphology
differences and mitophagy deficit in murine glaucomatous optic nerve. Investig.
Ophthalmol. Vis. Sci. 56, 1437-1446. https://doi.org/10.1167/i0vs.14-16126.

Crish, S.D., Sappington, R.M., Inman, D.M., Horner, P.J., Calkins, D.J., 2010. Distal
axonopathy with structural persistence in glaucomatous neurodegeneration. Proc.
Natl. Acad. Sci. U.S.A. 107, 5196-5201. https://doi.org/10.1073/pnas.0913141107.

Cross, J.V., Templeton, D.J., 2004. Oxidative stress inhibits MEKK1 by site-specific
glutathionylation in the ATP-binding domain. Biochem. J. 381, 675-683. https://
doi.org/10.1042/BJ20040591.

Crowston, J.G., Kong, Y.X.G., Trounce, I.A., Dang, T.M., Fahy, E.T., Bui, B.V.,
Morrison, J.C., Chrysostomou, V., 2015. An acute intraocular pressure challenge to
assess retinal ganglion cell injury and recovery in the mouse. Exp. Eye Res. 141, 3-8.
https://doi.org/10.1016/j.exer.2015.03.006.

Cueva Vargas, J.L., Osswald, LK., Unsain, N., Aurousseau, M.R., Barker, P.A., Bowie, D.,
Di Polo, A., 2015. Soluble tumor necrosis factor alpha promotes retinal ganglion cell
death in glaucoma via calcium-permeable AMPA receptor activation. J. Neurosci.
35, 12088-12102. https://doi.org/10.1523/JNEUROSCL.1273-15.2015.

Cui, Q., Tang, L.S., Hu, B., So, K.-F., Yip, H.K., 2002. Expression of trkA, trkB, and trkC in
injured and regenerating retinal ganglion cells of adult rats. Investig. Ophthalmol.
Vis. Sci. 43, 1954-1964.

Cui, X., Xiang, J., Zhu, W., Wei, A., Le, Q., Xu, J., Zhou, X., 2016. Vitamin A palmitate
and carbomer gel protects the conjunctiva of patients with long-term prostaglandin
analogs application. J. Glaucoma 25, 487-492. https://doi.org/10.1097/
1JG.0000000000000316.

Dai, W., Wang, H., Fang, J., Zhu, Y., Zhou, J., Wang, X., Zhou, Y., Zhou, M., 2018.
Curcumin provides neuroprotection in model of traumatic brain injury via the Nrf2-
ARE signaling pathway. Brain Res. Bull. 140, 65-71. https://doi.org/10.1016/j.
brainresbull.2018.03.020.

Daily, J.W., Kang, S., Park, S., 2021. Protection against Alzheimer’s disease by luteolin:
role of brain glucose regulation, anti-inflammatory activity, and the gut microbiota-
liver-brain axis. BioFactors 47, 218-231. https://doi.org/10.1002/biof.1703.

Davis, B.M., Pahlitzsch, M., Guo, L., Balendra, S., Shah, P., Ravindran, N.,
Malaguarnera, G., Sisa, C., Shamsher, E., Hamze, H., Noor, A., Sornsute, A.,


https://doi.org/10.1016/j.jgr.2014.07.002
https://doi.org/10.1038/ng.3482
https://doi.org/10.1038/ng.3482
https://doi.org/10.1523/JNEUROSCI.5956-09.2010
https://doi.org/10.1523/JNEUROSCI.5956-09.2010
https://doi.org/10.1038/s41514-017-0017-8
https://doi.org/10.1038/s41514-017-0017-8
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref18
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref18
https://doi.org/10.1001/jamaophthalmol.2015.5209
https://doi.org/10.1038/s41419-018-1061-4
https://doi.org/10.1038/s41419-018-1061-4
https://doi.org/10.1371/journal.pone.0144341
https://doi.org/10.1007/s12035-020-02142-7
https://doi.org/10.1111/ejn.13295
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.3390/pharmaceutics12090798
https://doi.org/10.1167/iovs.07-1337
https://doi.org/10.1167/iovs.07-1337
https://doi.org/10.1002/cne.22516
https://doi.org/10.1002/cne.22516
https://doi.org/10.1093/ageing/30.3.235
https://doi.org/10.1093/ageing/30.3.235
https://doi.org/10.1016/j.addr.2018.01.007
https://doi.org/10.1016/j.neuint.2008.10.014
https://doi.org/10.1016/j.neuint.2008.10.014
https://doi.org/10.1167/iovs.04-0421
https://doi.org/10.1167/iovs.10-6873
https://doi.org/10.1016/j.ijbiomac.2020.09.234
https://doi.org/10.1046/j.1471-4159.1997.68062451.x
https://doi.org/10.1046/j.1471-4159.1997.68062451.x
https://doi.org/10.1093/hmg/ddr381
https://doi.org/10.3390/nu12041189
https://doi.org/10.1016/s0300-9084(02)01372-x
https://doi.org/10.1016/s0300-9084(02)01372-x
https://doi.org/10.3892/etm.2017.4543
https://doi.org/10.1016/j.exer.2018.11.017
https://doi.org/10.1186/s12974-015-0360-2
https://doi.org/10.1073/pnas.1402819111
https://doi.org/10.3389/fnins.2017.00478
https://doi.org/10.3389/fnins.2017.00478
https://doi.org/10.1089/108076804773710777
https://doi.org/10.1038/srep42344
https://doi.org/10.1111/acel.12512
https://doi.org/10.1111/acel.12512
https://doi.org/10.1016/j.coph.2012.09.008
https://doi.org/10.1016/j.coph.2012.09.008
https://doi.org/10.3390/pr9020379
https://doi.org/10.3390/pr9020379
https://doi.org/10.1167/iovs.14-16126
https://doi.org/10.1073/pnas.0913141107
https://doi.org/10.1042/BJ20040591
https://doi.org/10.1042/BJ20040591
https://doi.org/10.1016/j.exer.2015.03.006
https://doi.org/10.1523/JNEUROSCI.1273-15.2015
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref52
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref52
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref52
https://doi.org/10.1097/IJG.0000000000000316
https://doi.org/10.1097/IJG.0000000000000316
https://doi.org/10.1016/j.brainresbull.2018.03.020
https://doi.org/10.1016/j.brainresbull.2018.03.020
https://doi.org/10.1002/biof.1703

P.R. Cdceres-Vélez et al.

Somavarapu, S., Cordeiro, M.F., 2018. Topical curcumin nanocarriers are
neuroprotective in eye disease. Sci. Rep. 8, 11066. https://doi.org/10.1038/541598-
018-29393-8.

De Hoz, R., Ramirez, A.I, Gonzdlez-Martin, R., Ajoy, D., Rojas, B., Salobrar-Garcia, E.,
Valiente-Soriano, F.J., Avilés-Trigueros, M., Villegas-Pérez, M.P., Vidal-Sanz, M.,
Trivino, A., Ramirez, J.M., Salazar, J.J., 2018. Bilateral early activation of retinal
microglial cells in a mouse model of unilateral laser-induced experimental ocular
hypertension. Exp. Eye Res. 171, 12-29. https://doi.org/10.1016/].
exer.2018.03.006.

De La Paz, M.A., Epstein, D.L., 1996. Effect of age on superoxide dismutase activity of
human trabecular meshwork. Investig. Ophthalmol. Vis. Sci. 37, 1849-1853.

Debelo, H., Li, M., Ferruzzi, M.G., 2020. Processing influences on food polyphenol
profiles and biological activity. Curr. Opin. Food Sci. 32, 90-102. https://doi.org/
10.1016/j.cofs.2020.03.001.

Dillinger, A.E., Guter, M., Froemel, F., Weber, G.R., Perkumas, K., Stamer, W.D.,
Ohlmann, A., Fuchshofer, R., Breunig, M., 2018. Intracameral delivery of layer-by-
layer coated siRNA nanoparticles for glaucoma therapy. Small 14, 1-15. https://doi.
org/10.1002/smll.201803239.

Ding, H., Wang, H., Zhu, L., Wei, W., 2017. Ursolic acid ameliorates early brain injury
after experimental traumatic brain injury in mice by activating the Nrf2 pathway.
Neurochem. Res. 42, 337-346. https://doi.org/10.1007/511064-016-2077-8.

Doozandeh, A., Yazdani, S., 2016. Neuroprotection in glaucoma. J. Ophthalmic Vis. Res.
11, 209. https://doi.org/10.4103/2008-322X.183923.

Ebneter, A., Casson, R.J., Wood, J.P., Chidlow, G., 2010. Microglial activation in the
visual pathway in experimental glaucoma: spatiotemporal characterization and
correlation with axonal injury. Investig. Ophthalmol. Vis. Sci. 51, 6448-6460.
https://doi.org/10.1167/iovs.10-5284.

Eells, J., 2019. Mitochondrial dysfunction in the aging retina. Biology 8, 31. https://doi.
org/10.3390/biology8020031.

Elmazoglu, Z., Yar Saglam, A.S., Sonmez, C., Karasu, C., 2020. Luteolin protects
microglia against rotenone-induced toxicity in a hormetic manner through targeting
oxidative stress response, genes associated with Parkinson’s disease and
inflammatory pathways. Drug Chem. Toxicol. 43, 96-103. https://doi.org/10.1080/
01480545.2018.1504961.

Engin, K.N., Engin, G., Kucuksahin, H., Oncu, M., Engin, G., Guvener, B., 2007. Clinical
evaluation of the neuroprotective effect of a-tocopherol against glaucomatous
damage. Eur. J. Ophthalmol. 17, 528-533. https://doi.org/10.1177/
112067210701700408.

Fahmy, H.M., Saad, E.A.E.-M.S., Sabra, N.M., El-Gohary, A.A., Mohamed, F.F., Gaber, M.
H., 2018. Treatment merits of latanoprost/thymoquinone — encapsulated liposome
for glaucomatus rabbits. Int. J. Pharm. 548, 597-608. https://doi.org/10.1016/j.
ijpharm.2018.07.012.

Fahy, E.T., Chrysostomou, V., Crowston, J.G., 2015. Impaired axonal transport and
glaucoma. Curr. Eye Res. 1-11. https://doi.org/10.3109/02713683.2015.1037924.

Falsini, B., Marangoni, D., Salgarello, T., Stifano, G., Montrone, L., Di Landro, S.,
Guccione, L., Balestrazzi, E., Colotto, A., 2009. Effect of epigallocatechin-gallate on
inner retinal function in ocular hypertension and glaucoma: a short-term study by
pattern electroretinogram. Graefe’s Arch. Clin. Exp. Ophthalmol. 247, 1223-1233.
https://doi.org/10.1007/500417-009-1064-z.

Fernandez-Albarral, J.A., Ramirez, A.L, de Hoz, R., Lopez-Villarin, N., Salobrar-
Garcia, E., Lopez-Cuenca, 1., Licastro, E., Inarejos-Garcia, A.M., Almodévar, P.,
Pinazo-Duran, M.D., Ramirez, J.M., Salazar, J.J., 2019. Neuroprotective and anti-
inflammatory effects of a hydrophilic saffron extract in a model of glaucoma. Int. J.
Mol. Sci. 20, 4110. https://doi.org/10.3390/ijms20174110.

Fernando, O., Tagalakis, A.D., Awwad, S., Brocchini, S., Khaw, P.T., Hart, S.L., Yu-Wai-
Man, C., 2018. Development of targeted siRNA nanocomplexes to prevent fibrosis in
experimental glaucoma filtration surgery. Mol. Ther. 26, 2812-2822. https://doi.
org/10.1016/j.ymthe.2018.09.004.

Ferreira, S.M., Lerner, S.F., Brunzini, R., Reides, C.G., Evelson, P.A., Llesuy, S.F., 2010.
Time course changes of oxidative stress markers in a rat experimental glaucoma
model. Investig. Opthalmol. Vis. Sci. 51, 4635. https://doi.org/10.1167/i0vs.09-
5044.

Ferrington, D.A., Fisher, C.R., Kowluru, R.A., 2020. Mitochondrial defects drive
degenerative retinal diseases. Trends Mol. Med. 26, 105-118. https://doi.org/
10.1016/j.molmed.2019.10.008.

Flammer, J., Orgiil, S., Costa, V.P., Orzalesi, N., Krieglstein, G.K., Serra, L.M., Renard, J.-
P., Stefansson, E., 2002. The impact of ocular blood flow in glaucoma. Prog. Retin.
Eye Res. 21, 359-393. https://doi.org/10.1016/51350-9462(02)00008-3.

Flaxman, S.R., Bourne, R.R.A., Resnikoff, S., Ackland, P., Braithwaite, T., Cicinelli, M.V.,
Das, A., Jonas, J.B., Keeffe, J., Kempen, J.H., Leasher, J., Limburg, H., Naidoo, K.,
Pesudovs, K., Silvester, A., Stevens, G.A., Tahhan, N., Wong, T.Y., Taylor, H.R.,
Bourne, R., Ackland, P., Arditi, A., Barkana, Y., Bozkurt, B., Braithwaite, T., Bron, A.,
Budenz, D., Cai, F., Casson, R., Chakravarthy, U., Choi, J., Cicinelli, M.V.,
Congdon, N., Dana, R., Dandona, R., Dandona, L., Das, A., Dekaris, I., Del Monte, M.,
Deva, J., Dreer, L., Ellwein, L., Frazier, M., Frick, K., Friedman, D., Furtado, J.,
Gao, H., Gazzard, G., George, R., Gichuhi, S., Gonzalez, V., Hammond, B.,
Hartnett, M.E., He, M., Hejtmancik, J., Hirai, F., Huang, J., Ingram, A., Javitt, J.,
Jonas, J., Joslin, C., Keeffe, J., Kempen, J., Khairallah, M., Khanna, R., Kim, J.,
Lambrou, G., Lansingh, V.C., Lanzetta, P., Leasher, J., Lim, J., LIMBURG, H.,
Mansouri, K., Mathew, A., Morse, A., Munoz, B., Musch, D., Naidoo, K., Nangia, V.,
Palaiou, M., Parodi, M.B., Pena, F.Y., Pesudovs, K., Peto, T., Quigley, H., Raju, M.,
Ramulu, P., Rankin, Z., Resnikoff, S., Reza, D., Robin, A., Rossetti, L., Saaddine, J.,
Sandar, M., Serle, J., Shen, T., Shetty, R., Sieving, P., Silva, J.C., Silvester, A.,
Sitorus, R.S., Stambolian, D., Stevens, G., Taylor, H., Tejedor, J., Tielsch, J.,
Tsilimbaris, M., van Meurs, J., Varma, R., Virgili, G., Wang, Y.X., Wang, N.-L.,
West, S., Wiedemann, P., Wong, T., Wormald, R., Zheng, Y., 2017. Global causes of

16

Ageing Research Reviews 75 (2022) 101572

blindness and distance vision impairment 1990-2020: a systematic review and meta-
analysis. Lancet Glob. Heal. 5, e1221-e1234. https://doi.org/10.1016/52214-109X
(17)30393-5.

Fu, Q., Li, X., Shi, J., Xu, G., Wen, W., Lee, D.H.S., So, K.-F., 2009. Synaptic degeneration
of retinal ganglion cells in a rat ocular hypertension glaucoma model. Cell. Mol.
Neurobiol. 29, 575-581. https://doi.org/10.1007/s10571-009-9349-7.

Ganie, S.A., Haq, E., Masood, A., Hamid, A., Zargar, M.A., 2011. Antioxidant and
protective effect of ethyl acetate extract of podophyllum hexandrum rhizome on
carbon tetrachloride induced rat liver injury. Evid Based Complement. Altern. Med.
2011, 1-12. https://doi.org/10.1155/2011/238020.

Gao, F.-J., Zhang, S.-H., Xu, P., Yang, B.-Q., Zhang, R., Cheng, Y., Zhou, X.-J., Huang, W.-
J., Wang, M., Chen, J.-Y., Sun, X.-H., Wu, J.-H., 2017. Quercetin declines apoptosis,
ameliorates mitochondrial function and improves retinal ganglion cell survival and
function in in vivo model of glaucoma in rat and retinal ganglion cell culture in vitro.
Front. Mol. Neurosci. 10 https://doi.org/10.3389/fnmol.2017.00285.

Garcia-Medina, J.J., Garcia-Medina, M., Garrido-Fernandez, P., Galvan-Espinosa, J.,
Garcia-Maturana, C., Zanon-Moreno, V., Pinazo-Duran, M.D., 2015. A two-year
follow-up of oral antioxidant supplementation in primary open-angle glaucoma: an
open-label, randomized, controlled trial. Acta Ophthalmol. 93, 546-554. https://doi.
org/10.1111/a0s.12629.

Garcia-Medina, J.J., Rubio-Velazquez, E., Lopez-Bernal, M.D., Cobo-Martinez, A., Zanon-
Moreno, V., Pinazo-Duran, M.D., Del-Rio-Vellosillo, M., 2020. Glaucoma and
antioxidants: review and update. Antioxidants 9, 1031. https://doi.org/10.3390/
antiox9111031.

Gardiner, J., Barton, D., Overall, R., Marc, J., 2009. Neurotrophic support and oxidative
stress: converging effects in the normal and diseased nervous system. Neuroscience
15, 47-61. https://doi.org/10.1177,/1073858408325269.

Gauthier, A.C., Liu, J., 2016. Neurodegeneration and neuroprotection in glaucoma. Yale
J. Biol. Med. 89, 73-79.

Geyman, L.S., Suwan, Y., Garg, R., Field, M.G., Krawitz, B.D., Mo, S., Pinhas, A.,

Ritch, R., Rosen, R.B., 2018. Noninvasive detection of mitochondrial dysfunction in
ocular hypertension and primary open-angle glaucoma. J. Glaucoma 27, 592-599.
https://doi.org/10.1097/1JG.0000000000000980.

Godos, J., Marventano, S., Mistretta, A., Galvano, F., Grosso, G., 2017. Dietary sources of
polyphenols in the Mediterranean healthy eating, aging and lifestyle (MEAL) study
cohort. Int. J. Food Sci. Nutr. 68, 750-756. https://doi.org/10.1080/
09637486.2017.1285870.

Goldblum, D., Meyenberg, A., Mojon, D., Tappeiner, C., Frueh, B.E., 2009. Dietary
tocopherol supplementation after trabeculectomy and phacotrabeculectomy: double-
blind randomized placebo-controlled trial. Ophthalmologica 223, 228-232. https://
doi.org/10.1159/000203367.

Golpich, M., Amini, E., Mohamed, Z., Ali, R.A., Ibrahim, N.M., 2016. Mitochondrial
Dysfunction and biogenesis in neurodegenerative diseases: pathogenesis and
treatment mitochondrial dysfunction. Neurosci. Ther. 1-18. https://doi.org/
10.1111/cns.12655.

Gomes, P., Viana, S.D., Nunes, S., Rolo, A.P., Palmeira, C.M., Reis, F., 2020. The yin and
yang faces of the mitochondrial deacetylase sirtuin 3 in age-related disorders. Ageing
Res. Rev. 57, 100983 https://doi.org/10.1016/j.arr.2019.100983.

Gomez-Ballesteros, M., Lopez-Cano, J.J., Bravo-Osuna, 1., Herrero-Vanrell, R., Molina-
Martinez, I.T., 2019. Osmoprotectants in hybrid liposome/HPMC systems as
potential glaucoma treatment. Polymers 11. https://doi.org/10.3390/
polym11060929.

Gonzalez, H., Elgueta, D., Montoya, A., Pacheco, R., 2014. Neuroimmune regulation of
microglial activity involved in neuroinflammation and neurodegenerative diseases.
J. Neuroimmunol. 274, 1-13. https://doi.org/10.1016/j.jneuroim.2014.07.012.

Gorjanovi¢, S., Komes, D., Lali¢i¢-Petronijevi¢, J., Pastor, F.T., Belscak-Cvitanovi¢, A.,
Veljovié, M., Pezo, L., Suznjevié, D.Z., 2017. Antioxidant efficiency of polyphenols
from coffee and coffee substitutes-electrochemical versus spectrophotometric
approach. J. Food Sci. Technol. 54, 2324-2331. https://doi.org/10.1007/513197-
017-2672-y.

Gu, C., Howell, K., Dunshea, F.R., Suleria, H.A.R., 2019. LC-ESI-QTOF/MS
characterisation of phenolic acids and flavonoids in polyphenol-rich fruits and
vegetables and their potential antioxidant activities. Antioxidants 8, 1-15. https://
doi.org/10.3390/antiox8090405.

Guglielmi, P., Carradori, S., Campestre, C., Poce, G., 2019. Novel therapies for glaucoma:
a patent review (2013-2019). Expert Opin. Ther. Pat. 29, 769-780. https://doi.org/
10.1080/13543776.2019.1653279.

Guo, X., Kong, X., Huang, R., Jin, L., Ding, X., He, M., Liu, X., Patel, M.C., Congdon, N.G.,
2014. Effect of ginkgo biloba on visual field and contrast sensitivity in Chinese
patients with normal tension glaucoma: a randomized, crossover clinical trial.
Investig. Opthalmol. Vis. Sci. 55, 110. https://doi.org/10.1167/iovs.13-13168.

Guo, Y., Johnson, E.C., Cepurna, W.O., Dyck, J.A., Doser, T., Morrison, J.C., 2011. Early
gene expression changes in the retinal ganglion cell layer of a rat glaucoma model.
Investig. Opthalmol. Vis. Sci. 52, 1460. https://doi.org/10.1167/iovs.10-5930.

Gupta, S., Samanta, M.K., Raichur, A.M., 2010. Dual-drug delivery system based on in
situ gel-forming nanosuspension of forskolin to enhance antiglaucoma efficacy.
AAPS PharmSciTech 11, 322-335. https://doi.org/10.1208/512249-010-9388-x.

Guttenplan, K.A., Stafford, B.K., El-Danaf, R.N., Adler, D.I., Miinch, A.E., Weigel, M.K.,
Huberman, A.D., Liddelow, S.A., 2020. Neurotoxic reactive astrocytes drive
neuronal death after retinal injury. Cell Rep. 31, 107776 https://doi.org/10.1016/].
celrep.2020.107776.

Halliwell, B., 2006. Oxidative stress and neurodegeneration: where are we now?

J. Neurochem. 97, 1634-1658. https://doi.org/10.1111/j.1471-4159.2006.03907 .x.

Hanisch, U.-K., Kettenmann, H., 2007. Microglia: active sensor and versatile effector cells
in the normal and pathologic brain. Nat. Neurosci. 10, 1387-1394. https://doi.org/
10.1038/nn1997.


https://doi.org/10.1038/s41598-018-29393-8
https://doi.org/10.1038/s41598-018-29393-8
https://doi.org/10.1016/j.exer.2018.03.006
https://doi.org/10.1016/j.exer.2018.03.006
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref58
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref58
https://doi.org/10.1016/j.cofs.2020.03.001
https://doi.org/10.1016/j.cofs.2020.03.001
https://doi.org/10.1002/smll.201803239
https://doi.org/10.1002/smll.201803239
https://doi.org/10.1007/s11064-016-2077-8
https://doi.org/10.4103/2008-322X.183923
https://doi.org/10.1167/iovs.10-5284
https://doi.org/10.3390/biology8020031
https://doi.org/10.3390/biology8020031
https://doi.org/10.1080/01480545.2018.1504961
https://doi.org/10.1080/01480545.2018.1504961
https://doi.org/10.1177/112067210701700408
https://doi.org/10.1177/112067210701700408
https://doi.org/10.1016/j.ijpharm.2018.07.012
https://doi.org/10.1016/j.ijpharm.2018.07.012
https://doi.org/10.3109/02713683.2015.1037924
https://doi.org/10.1007/s00417-009-1064-z
https://doi.org/10.3390/ijms20174110
https://doi.org/10.1016/j.ymthe.2018.09.004
https://doi.org/10.1016/j.ymthe.2018.09.004
https://doi.org/10.1167/iovs.09-5044
https://doi.org/10.1167/iovs.09-5044
https://doi.org/10.1016/j.molmed.2019.10.008
https://doi.org/10.1016/j.molmed.2019.10.008
https://doi.org/10.1016/S1350-9462(02)00008-3
https://doi.org/10.1016/S2214-109X(17)30393-5
https://doi.org/10.1016/S2214-109X(17)30393-5
https://doi.org/10.1007/s10571-009-9349-7
https://doi.org/10.1155/2011/238020
https://doi.org/10.3389/fnmol.2017.00285
https://doi.org/10.1111/aos.12629
https://doi.org/10.1111/aos.12629
https://doi.org/10.3390/antiox9111031
https://doi.org/10.3390/antiox9111031
https://doi.org/10.1177/1073858408325269
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref82
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref82
https://doi.org/10.1097/IJG.0000000000000980
https://doi.org/10.1080/09637486.2017.1285870
https://doi.org/10.1080/09637486.2017.1285870
https://doi.org/10.1159/000203367
https://doi.org/10.1159/000203367
https://doi.org/10.1111/cns.12655
https://doi.org/10.1111/cns.12655
https://doi.org/10.1016/j.arr.2019.100983
https://doi.org/10.3390/polym11060929
https://doi.org/10.3390/polym11060929
https://doi.org/10.1016/j.jneuroim.2014.07.012
https://doi.org/10.1007/s13197-017-2672-y
https://doi.org/10.1007/s13197-017-2672-y
https://doi.org/10.3390/antiox8090405
https://doi.org/10.3390/antiox8090405
https://doi.org/10.1080/13543776.2019.1653279
https://doi.org/10.1080/13543776.2019.1653279
https://doi.org/10.1167/iovs.13-13168
https://doi.org/10.1167/iovs.10-5930
https://doi.org/10.1208/s12249-010-9388-x
https://doi.org/10.1016/j.celrep.2020.107776
https://doi.org/10.1016/j.celrep.2020.107776
https://doi.org/10.1111/j.1471-4159.2006.03907.x
https://doi.org/10.1038/nn1997
https://doi.org/10.1038/nn1997

P.R. Cdceres-Vélez et al.

Harada, C., Noro, T., Kimura, A., Guo, X., Namekata, K., Nakano, T., Harada, T., 2020.
Suppression of oxidative stress as potential therapeutic approach for normal tension
glaucoma. Antioxidants 9, 874. https://doi.org/10.3390/antiox9090874.

Harada, T., Harada, C., Nakamura, K., Quah, H.-M.A., Okumura, A., Namekata, K.,
Saeki, T., Aihara, M., Yoshida, H., Mitani, A., Tanaka, K., 2007. The potential role of
glutamate transporters in the pathogenesis of normal tension glaucoma. J. Clin.
Investig. 117, 1763-1770. https://doi.org/10.1172/JCI30178.

Harder, J.M., Braine, C.E., Williams, P.A., Zhu, X., MacNicoll, K.H., Sousa, G.L.,
Buchanan, R.A., Smith, R.S., Libby, R.T., Howell, G.R., John, S.W.M., 2017a. Early
immune responses are independent of RGC dysfunction in glaucoma with
complement component C3 being protective. Proc. Natl. Acad. Sci. U.S.A. 114,
E3839-E3848. https://doi.org/10.1073/pnas.1608769114.

Harder, Jeffrey M., Braine, C.E., Williams, P.A., Zhu, X., MacNicoll, K.H., Sousa, G.L.,
Buchanan, R.A., Smith, R.S., Libby, R.T., Howell, G.R., John, S.W.M., 2017b. Early
immune responses are independent of RGC dysfunction in glaucoma with
complement component C3 being protective. Proc. Natl. Acad. Sci. U.S.A. 114,
E3839-E3848. https://doi.org/10.1073/pnas.1608769114.

Harris, A., Gross, J., Moore, N., Do, T., Huang, A., Gama, W., Siesky, B., 2018. The effects
of antioxidants on ocular blood flow in patients with glaucoma. Acta Ophthalmol.
96, e237-e241. https://doi.org/10.1111/a0s.13530.

Hashizume, K., Hirasawa, M., Imamura, Y., Noda, S., Shimizu, T., Shinoda, K.,
Kurihara, T., Noda, K., Ozawa, Y., Ishida, S., Miyake, Y., Shirasawa, T., Tsubota, K.,
2008. Retinal dysfunction and progressive retinal cell death in SOD1-deficient mice.
Am. J. Pathol. 172, 1325-1331. https://doi.org/10.2353/ajpath.2008.070730.

Henriquez-Olguin, C., Knudsen, J.R., Raun, S.H., Li, Z., Dalbram, E., Treebak, J.T.,
Sylow, L., Holmdahl, R., Richter, E.A., Jaimovich, E., Jensen, T.E., 2019. Cytosolic
ROS production by NADPH oxidase 2 regulates muscle glucose uptake during
exercise. Nat. Commun. 10, 1-11. https://doi.org/10.1038/s41467-019-12523-9.

Hernandez, M.R., 2000. The optic nerve head in glaucoma: role of astrocytes in tissue
remodeling. Prog. Retin. Eye Res. 19, 297-321. https://doi.org/10.1016/51350-
9462(99)00017-8.

Hernandez, M.R., 1997. The optic nerve head in glaucomatous optic neuropathy. Arch.
Ophthalmol. 115, 389. https://doi.org/10.1001/archopht.1997.01100150391013.

Himawan, E., Ekstrom, P., Buzgo, M., Gaillard, P., Stefansson, E., Marigo, V., Loftsson, T.,
Paquet-Durand, F., 2019. Drug delivery to retinal photoreceptors. Drug Discov.
Today 24, 1637-1643. https://doi.org/10.1016/j.drudis.2019.03.004.

Hondur, G., Goktas, E., Yang, X., Al-Aswad, L., Auran, J.D., Blumberg, D.M., Cioffi, G.A.,
Liebmann, J.M., Suh, L.H., Trief, D., Tezel, G., 2017. Oxidative stress-related
molecular biomarker candidates for glaucoma. Investig. Opthalmol. Vis. Sci. 58,
4078. https://doi.org/10.1167/iovs.17-22242.

Howell, G.R., Libby, R.T., Jakobs, T.C., Smith, R.S., Phalan, F.C., Barter, J.W., Barbay, J.
M., Marchant, J.K., Mahesh, N., Porciatti, V., Whitmore, A.V., Masland, R.H.,
John, S.W., 2007. Axons of retinal ganglion cells are insulted in the optic nerve early
in DBA/2J glaucoma. J. Cell Biol. 179, 1523-1537. https://doi.org/10.1083/
jcb.200706181.

Howell, G.R., Soto, L, Libby, R.T., John, S.W., 2013. Intrinsic axonal degeneration
pathways are critical for glaucomatous damage. Exp. Neurol. 246, 54-61. https://
doi.org/10.1016/j.expneurol.2012.01.014.

Huang, X., Chau, Y., 2019. Intravitreal nanoparticles for retinal delivery. Drug Discov.
Today 24, 1510-1523. https://doi.org/10.1016/j.drudis.2019.05.005.

Hui, F., Tang, J., Williams, P.A., McGuinness, M.B., Hadoux, X., Casson, R.J., Coote, M.,
Trounce, I.A., Martin, K.R., Wijngaarden, P., Crowston, J.G., 2020. Improvement in
inner retinal function in glaucoma with nicotinamide (vitamin B3) supplementation:
a crossover randomized clinical trial. Clin. Exp. Ophthalmol. 48, 903-914. https://
doi.org/10.1111/ce0.13818.

Hurst, J., Kuehn, S., Jashari, A., Tsai, T., Bartz-Schmidt, K.U., Schnichels, S., Joachim, S.
C., 2017. A novel porcine ex vivo retina culture model for oxidative stress induced by
H305. Altern. Lab. Anim. 45, 11-25. https://doi.org/10.1177/
026119291704500105.

Hvozda Arana, A.G., Lasagni Vitar, R.M., Reides, C.G., Lerner, S.F., Ferreira, S.M., 2020.
Glaucoma causes redox imbalance in the primary visual cortex by modulating
NADPH oxidase-4, iNOS, and Nrf2 pathway in a rat experimental model. Exp. Eye
Res. 200, 108225 https://doi.org/10.1016/j.exer.2020.108225.

Ige, M., Liu, J., 2020. Herbal medicines in glaucoma treatment. Yale J. Biol. Med. 93,
347-353.

Imran, M., Rauf, A., Abu-Izneid, T., Nadeem, M., Shariati, M.A., Khan, I.A., Imran, A.,
Orhan, L.E., Rizwan, M., Atif, M., Gondal, T.A., Mubarak, M.S., 2019. Luteolin, a
flavonoid, as an anticancer agent: a review. Biomed. Pharmacother. 112, 108612
https://doi.org/10.1016/j.biopha.2019.108612.

Inman, D.M., Harun-Or-Rashid, M., 2017. Metabolic vulnerability in the
neurodegenerative disease glaucoma. Front. Neurosci. 11 https://doi.org/10.3389/
fnins.2017.00146.

Inman, D.M., Horner, P.J., 2007. Reactive nonproliferative gliosis predominates in a
chronic mouse model of glaucoma. Glia 55, 942-953. https://doi.org/10.1002/
glia.20516.

Ismail, H.F., Hashim, Z., Soon, W.T., Rahman, N.S.A., Zainudin, A.N., Majid, F.A.A.,
2017. Comparative study of herbal plants on the phenolic and flavonoid content,
antioxidant activities and toxicity on cells and zebrafish embryo. J. Tradit.
Complement. Med. 7, 452-465. https://doi.org/10.1016/].jtcme.2016.12.006.

Johnson, C.A., Cioffi, G.A., Liebmann, J.R., Sample, P.A., Zangwill, L.M., Weinreb, R.N.,
2000. The relationship between structural and functional alterations in glaucoma: a
review. Semin. Ophthalmol. 15, 221-233. https://doi.org/10.3109/
08820530009037873.

Johnson, E.C., Doser, T.A., Cepurna, W.O., Dyck, J.A., Jia, L., Guo, Y., Lambert, W.S.,
Morrison, J.C., 2011. Cell proliferation and interleukin-6-type cytokine signaling are
implicated by gene expression responses in early optic nerve head injury in rat

17

Ageing Research Reviews 75 (2022) 101572

glaucoma. Investig. Opthalmol. Vis. Sci. 52, 504. https://doi.org/10.1167/iovs.10-
5317.

Jonas, J.B., Aung, T., Bourne, R.R., Bron, A.M,, Ritch, R., Panda-Jonas, S., 2017.
Glaucoma. Lancet 390, 2183-2193. https://doi.org/10.1016/50140-6736(17)
31469-1.

Ju, W.-K., Kim, K.-Y., Lindsey, J.D., Angert, M., Duong-Polk, K.X., Scott, R.T., Kim, J.J.,
Kukhmazov, I., Ellisman, M.H., Perkins, G.A., Weinreb, R.N., 2008. Intraocular
pressure elevation induces mitochondrial fission and triggers OPA1 release in
glaucomatous optic nerve. Investig. Opthalmol. Vis. Sci. 49, 4903. https://doi.org/
10.1167/iovs.07-1661.

Ju, W.-K., Shim, M.S., Kim, K.-Y., Bu, J.H., Park, T.L., Ahn, S., Weinreb, R.N., 2018.
Ubiquinol promotes retinal ganglion cell survival and blocks the apoptotic pathway
in ischemic retinal degeneration. Biochem. Biophys. Res. Commun. 503, 2639-2645.
https://doi.org/10.1016/j.bbrc.2018.08.016.

Kamel, K., Farrell, M., O’Brien, C., 2017. Mitochondrial dysfunction in ocular disease:
Focus on glaucoma. Mitochondrion 35, 44-53. https://doi.org/10.1016/j.
mito.2017.05.004.

Kang, J.M., Lin, S., 2018. Ginkgo biloba and its potential role in glaucoma. Curr. Opin.
Ophthalmol. 29, 116-120. https://doi.org/10.1097/1CU.0000000000000459.

Kapravelou, G., Martinez, R., Andrade, A.M., Lépez Chaves, C., Lopez-Jurado, M.,
Aranda, P., Arrebola, F., Canizares, F.J., Galisteo, M., Porres, J.M., 2015.
Improvement of the antioxidant and hypolipidaemic effects of cowpea flours (Vigna
unguiculata) by fermentation: results of in vitro and in vivo experiments. J. Sci. Food
Agric. 95, 1207-1216. https://doi.org/10.1002/jsfa.6809.

Katome, T., Namekata, K., Guo, X., Semba, K., Kittaka, D., Kawamura, K., Kimura, A.,
Harada, C., Ichijo, H., Mitamura, Y., Harada, T., 2013. Inhibition of ASK1-p38
pathway prevents neural cell death following optic nerve injury. Cell Death Differ.
20, 270-280. https://doi.org/10.1038/cdd.2012.122.

Kempuraj, D., Thangavel, R., Kempuraj, D.D., Ahmed, M.E., Selvakumar, G.P.,
Raikwar, S.P., Zaheer, S.A., lyer, S.S., Govindarajan, R., Chandrasekaran, P.N.,
Zaheer, A., 2021. Neuroprotective effects of flavone luteolin in neuroinflammation
and neurotrauma. BioFactors 47, 190-197. https://doi.org/10.1002/biof.1687.

Khalilpour, S., Behnammanesh, G., Suede, F., Ezzat, M., Muniandy, J., Tabana, Y.,
Ahamed, M., Tamayol, A., Sangiovanni, E., Dell’Agli, M., Majid, Aman, 2018.
Neuroprotective and anti-inflammatory effects of rhus coriaria extract in a mouse
model of ischemic optic neuropathy. Biomedicines 6, 48. https://doi.org/10.3390/
biomedicines6020048.

Kim, D.H., Kim, H.S., Ahn, M.D., Chun, M.H., 2004. Ganglion cell death in rat retina by
persistent intraocular pressure elevation. Korean J. Ophthalmol. 18, 15. https://doi.
org/10.3341/kjo.2004.18.1.15.

Kim, J., Han, S.Y., Min, H., 2020. Ginseng for an eye: effects of ginseng on ocular
diseases. J. Ginseng Res. 44, 1-7. https://doi.org/10.1016/j.jgr.2018.11.006.

Kimball, E.C., Jefferys, J.L., Pease, M.E., Oglesby, E.N., Nguyen, C., Schaub, J., Pitha, L.,
Quigley, H.A., 2018. The effects of age on mitochondria, axonal transport, and
axonal degeneration after chronic IOP elevation using a murine ocular explant
model. Exp. Eye Res. 172, 78-85. https://doi.org/10.1016/j.exer.2018.04.001.

Kimball, E.C., Pease, M.E., Steinhart, M.R., Oglesby, E.N., Pitha, I., Nguyen, C.,
Quigley, H.A., 2017. A mouse ocular explant model that enables the study of living
optic nerve head events after acute and chronic intraocular pressure elevation:
focusing on retinal ganglion cell axons and mitochondria. Exp. Eye Res. 160,
106-115. https://doi.org/10.1016/j.exer.2017.04.003.

Kimura, A., Namekata, K., Guo, X., Noro, T., Harada, C., Harada, T., 2017. Targeting
oxidative stress for treatment of glaucoma and optic neuritis. Oxid. Med. Cell.
Longev. 2017, 1-8. https://doi.org/10.1155/2017/2817252.

Kleesattel, David, Crish, S.D., Inman, D.M., 2015a. Decreased energy capacity and
increased autophagic activity in optic nerve axons with defective anterograde
transport. Investig. Opthalmol. Vis. Sci. 56, 8215. https://doi.org/10.1167/iovs.15-
17885.

Kleesattel, D., Crish, S.D., Inman, D.M., 2015b. Decreased energy capacity and increased
autophagic activity in optic nerve axons with defective anterograde transport.
Investig. Ophthalmol. Vis. Sci. 56, 8215-8227. https://doi.org/10.1167/iovs.15-
17885.

Knox, D.L., 2007. Optic nerve hydropic axonal degeneration and blocked retrograde
axoplasmic transport. Arch. Ophthalmol. 125, 347. https://doi.org/10.1001/
archopht.125.3.347.

Ko, J., Komatsu, K., Okumichi, H., Kiuchi, Y., 2021. Functional analysis of mesencephalic
astrocyte-derived neurotrophic factor in retinal ganglion cells under oxidative stress.
Cell Biochem. Funct. 39, 98-106. https://doi.org/10.1002/cbf.3567.

Ko, M.L., Peng, P.H., Ma, M.C,, Ritch, R., Chen, C.F., 2005. Dynamic changes in reactive
oxygen species and antioxidant levels in retinas in experimental glaucoma. Free
Radic. Biol. Med. 39, 365-373. https://doi.org/10.1016/j.
freeradbiomed.2005.03.025.

Kompella, U.B., Hartman, R.R., Patil, M.A., 2020. Extraocular, periocular, and
intraocular routes for sustained drug delivery for glaucoma. Prog. Retin. Eye Res.,
100901 https://doi.org/10.1016/j.preteyeres.2020.100901.

Konczak, 1., Zabaras, D., Dunstan, M., Aguas, P., Roulfe, P., Pavan, A., 2009. Health
Benefits of Australian Native Foods - An Evaluation of Health-enhancing
Compounds. Rural Industries Research and Development Corporation,, Canberra.

Kong, Y.X.G., van Bergen, N., Bui, B.V., Chrysostomou, V., Vingrys, A.J., Trounce, LA.,
Crowston, J.G., 2012. Impact of aging and diet restriction on retinal function during
and after acute intraocular pressure injury. Neurobiol. Aging 33, 1126.e15-1126.
e25. https://doi.org/10.1016/j.neurobiolaging.2011.11.026.

Kreft, D., Doblhammer, G., Guthoff, R.F., Frech, S., 2019. Prevalence, incidence, and risk
factors of primary open-angle glaucoma - a cohort study based on longitudinal data
from a German public health insurance. BMC Public Health 19, 851. https://doi.org/
10.1186/512889-019-6935-6.


https://doi.org/10.3390/antiox9090874
https://doi.org/10.1172/JCI30178
https://doi.org/10.1073/pnas.1608769114
https://doi.org/10.1073/pnas.1608769114
https://doi.org/10.1111/aos.13530
https://doi.org/10.2353/ajpath.2008.070730
https://doi.org/10.1038/s41467-019-12523-9
https://doi.org/10.1016/S1350-9462(99)00017-8
https://doi.org/10.1016/S1350-9462(99)00017-8
https://doi.org/10.1001/archopht.1997.01100150391013
https://doi.org/10.1016/j.drudis.2019.03.004
https://doi.org/10.1167/iovs.17-22242
https://doi.org/10.1083/jcb.200706181
https://doi.org/10.1083/jcb.200706181
https://doi.org/10.1016/j.expneurol.2012.01.014
https://doi.org/10.1016/j.expneurol.2012.01.014
https://doi.org/10.1016/j.drudis.2019.05.005
https://doi.org/10.1111/ceo.13818
https://doi.org/10.1111/ceo.13818
https://doi.org/10.1177/026119291704500105
https://doi.org/10.1177/026119291704500105
https://doi.org/10.1016/j.exer.2020.108225
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref116
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref116
https://doi.org/10.1016/j.biopha.2019.108612
https://doi.org/10.3389/fnins.2017.00146
https://doi.org/10.3389/fnins.2017.00146
https://doi.org/10.1002/glia.20516
https://doi.org/10.1002/glia.20516
https://doi.org/10.1016/j.jtcme.2016.12.006
https://doi.org/10.3109/08820530009037873
https://doi.org/10.3109/08820530009037873
https://doi.org/10.1167/iovs.10-5317
https://doi.org/10.1167/iovs.10-5317
https://doi.org/10.1016/S0140-6736(17)31469-1
https://doi.org/10.1016/S0140-6736(17)31469-1
https://doi.org/10.1167/iovs.07-1661
https://doi.org/10.1167/iovs.07-1661
https://doi.org/10.1016/j.bbrc.2018.08.016
https://doi.org/10.1016/j.mito.2017.05.004
https://doi.org/10.1016/j.mito.2017.05.004
https://doi.org/10.1097/ICU.0000000000000459
https://doi.org/10.1002/jsfa.6809
https://doi.org/10.1038/cdd.2012.122
https://doi.org/10.1002/biof.1687
https://doi.org/10.3390/biomedicines6020048
https://doi.org/10.3390/biomedicines6020048
https://doi.org/10.3341/kjo.2004.18.1.15
https://doi.org/10.3341/kjo.2004.18.1.15
https://doi.org/10.1016/j.jgr.2018.11.006
https://doi.org/10.1016/j.exer.2018.04.001
https://doi.org/10.1016/j.exer.2017.04.003
https://doi.org/10.1155/2017/2817252
https://doi.org/10.1167/iovs.15-17885
https://doi.org/10.1167/iovs.15-17885
https://doi.org/10.1167/iovs.15-17885
https://doi.org/10.1167/iovs.15-17885
https://doi.org/10.1001/archopht.125.3.347
https://doi.org/10.1001/archopht.125.3.347
https://doi.org/10.1002/cbf.3567
https://doi.org/10.1016/j.freeradbiomed.2005.03.025
https://doi.org/10.1016/j.freeradbiomed.2005.03.025
https://doi.org/10.1016/j.preteyeres.2020.100901
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref143
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref143
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref143
https://doi.org/10.1016/j.neurobiolaging.2011.11.026
https://doi.org/10.1186/s12889-019-6935-6
https://doi.org/10.1186/s12889-019-6935-6

P.R. Cdceres-Vélez et al.

Kyei, S., Koffuor, G.A., Ramkissoon, P., Owusu-Afriyie, O., 2015. Anti-glaucoma
potential of Heliotropium indicum Linn in experimentally-induced glaucoma. Eye
Vis. 2, 16. https://doi.org/10.1186/s40662-015-0027-1.

la Porte, C., Voduc, N., Zhang, G., Seguin, 1., Tardiff, D., Singhal, N., Cameron, D.W.,
2010. Steady-state pharmacokinetics and tolerability of trans-resveratrol 2000 mg
twice daily with food, quercetin and alcohol (Ethanol) in healthy human subjects.
Clin. Pharmacokinet. 49, 449-454. https://doi.org/10.2165/11531820-000000000-
00000.

Lafuente, M.P., Villegas-Pérez, M.P., Mayor, S., Aguilera, M.E., Miralles de Imperial, J.,
Vidal-Sanz, M., 2002. Neuroprotective effects of brimonidine against transient
ischemia-induced retinal ganglion cell death: a dose response in vivo study. Exp. Eye
Res. 74, 181-189. https://doi.org/10.1006/exer.2001.1122.

Lambert, W.S., Carlson, B.J., Ghose, P., Vest, V.D., Yao, V., Calkins, D.J., 2019. Towards
amicrobead occlusion model of glaucoma for a non-human primate. Sci. Rep. 9,
11572. https://doi.org/10.1038/541598-019-48054-y.

Lancina, M.G., Singh, S., Kompella, U.B., Husain, S., Yang, H., 2017. Fast dissolving
dendrimer nanofiber mats as alternative to eye drops for more efficient antiglaucoma
drug delivery. ACS Biomater. Sci. Eng. 3, 1861-1868. https://doi.org/10.1021/
acsbiomaterials.7b00319.

Lascaratos, G., Garway-Heath, D.F., Willoughby, C.E., Chau, K.Y., Schapira, A.H.V.,
2012. Mitochondrial dysfunction in glaucoma: Understanding genetic influences.
Mitochondrion 12, 202-212. https://doi.org/10.1016/j.mit0.2011.11.004.

Lavik, E., Kuehn, M.H., Kwon, Y.H., 2011. Novel drug delivery systems for glaucoma. Eye
25, 578-586. https://doi.org/10.1038/eye.2011.82.

Lawler, T., Liu, Y., Christensen, K., Vajaranant, T.S., Mares, J., 2019. Dietary
antioxidants, macular pigment, and glaucomatous neurodegeneration: a review of
the evidence. Nutrients 11, 1002. https://doi.org/10.3390/nul1051002.

Lebrun-Julien, F., Morquette, B., Douillette, A., Saragovi, H.U., Di Polo, A., 2009.
Inhibition of p75NTR in glia potentiates TrkA-mediated survival of injured retinal
ganglion cells. Mol. Cell. Neurosci. 40, 410-420. https://doi.org/10.1016/j.
mcn.2008.12.005.

Lefevere, E., Toft-Kehler, A.K., Vohra, R., Kolko, M., Moons, L., Van Hove, L., 2017.
Mitochondrial dysfunction underlying outer retinal diseases. Mitochondrion 36,
66-76. https://doi.org/10.1016/j.mito.2017.03.006.

Li, C.-W., Li, L.-L., Chen, S., Zhang, J.-X., Lu, W.-L., 2020. Antioxidant nanotherapies for
the treatment of inflammatory diseases. Front. Bioeng. Biotechnol. 8. https://doi.
org/10.3389/fbioe.2020.00200.

Li, L., Zhang, X., Cui, L., Wang, L., Liu, H., Ji, H., Du, Y., 2013. Ursolic acid promotes the
neuroprotection by activating Nrf2 pathway after cerebral ischemia in mice. Brain
Res. 1497, 32-39. https://doi.org/10.1016/j.brainres.2012.12.032.

Li, S.-Y., Fu, Z.-J., Ma, H., Jang, W.-C., So, K.-F., Wong, D., Lo, A.C.Y., 2009. Effect of
lutein on retinal neurons and oxidative stress in a model of acute retinal ischemia/
reperfusion. Investig. Opthalmol. Vis. Sci. 50, 836. https://doi.org/10.1167/iovs.08-
2310.

Li, W., Wu, M,, Tang, L., Pan, Y., Liu, Z., Zeng, C., Wang, J., Wei, T., Liang, G., 2015.
Novel curcumin analogue 14p protects against myocardial ischemia reperfusion
injury through Nrf2-activating anti-oxidative activity. Toxicol. Appl. Pharmacol.
282, 175-183. https://doi.org/10.1016/j.taap.2014.12.001.

Libby, R.T., Li, Y., Savinova, O.V., Barter, J., Smith, R.S., Nickells, R.W., John, S.W.,
2005. Susceptibility to neurodegeneration in a glaucoma is modified by Bax gene
dosage. PLoS Genet. 1, 17-26. https://doi.org/10.1371/journal.pgen.0010004.

Liddelow, S.A., Guttenplan, K.A., Clarke, L.E., Bennett, F.C., Bohlen, C.J., Schirmer, L.,
Bennett, M.L., Miinch, A.E., Chung, W.-S., Peterson, T.C., Wilton, D.K., Frouin, A.,
Napier, B.A., Panicker, N., Kumar, M., Buckwalter, M.S., Rowitch, D.H., Dawson, V.
L., Dawson, T.M., Stevens, B., Barres, B.A., 2017. Neurotoxic reactive astrocytes are
induced by activated microglia. Nature 541, 481-487. https://doi.org/10.1038/
nature21029.

Lin, C., Wu, F., Zheng, T., Wang, X., Chen, Y., Wu, X., 2019. Kaempferol attenuates
retinal ganglion cell death by suppressing NLRP1/NLRP3 inflammasomes and
caspase-8 via JNK and NF-kB pathways in acute glaucoma. Eye 33, 777-784. https://
doi.org/10.1038/541433-018-0318-6.

Lin, J.B., Lin, Joseph, B., Chen, H.C., Chen, T., Apte, R.S., 2019. Combined SIRT3 and
SIRTS deletion is associated with inner retinal dysfunction in a mouse model of type
1 diabetes. Sci. Rep. 9, 3799. https://doi.org/10.1038/541598-019-40177-6.

Liu, S.-T., Zhong, S.-M., Li, X.-Y., Gao, F., Li, F., Zhang, M.-L., Zhu, K., Sun, X.-H.,
Wang, X., Miao, Y., Yang, X.-L., Wang, Z., 2018. EphrinB/EphB forward signaling in
Miiller cells causes apoptosis of retinal ganglion cells by increasing tumor necrosis
factor alpha production in rat experimental glaucomatous model. Acta Neuropathol.
Commun. 6, 111. https://doi.org/10.1186/540478-018-0618-x.

Liu, Y., Allingham, R.R., 2017. Major review: molecular genetics of primary open-angle
glaucoma. Exp. Eye Res. 160, 62-84. https://doi.org/10.1016/j.exer.2017.05.002.

Ly, Y., Christian, K., Lu, B., 2008. BDNF: a key regulator for protein synthesis-dependent
LTP and long-term memory? Neurobiol. Learn. Mem. 89, 312-323. https://doi.org/
10.1016/j.nlm.2007.08.018.

Lufs, A., Duarte, A.P., Pereira, L., Domingues, F., 2018. Interactions between the major
bioactive polyphenols of berries: effects on antioxidant properties. Eur. Food Res.
Technol. 244, 175-185. https://doi.org/10.1007/500217-017-2948-5.

Lulli, M., Witort, E., Papucci, L., Torre, E., Schiavone, N., Dal Monte, M., Capaccioli, S.,
2012. Coenzyme Q10 protects retinal cells from apoptosis induced by radiation in
vitro and in vivo. J. Radiat. Res. 53, 695-703. https://doi.org/10.1093/jrr/rrs025.

Luo, H., Vong, C.T., Chen, H., Gao, Y., Lyu, P., Qiu, L., Zhao, M., Liu, Q., Cheng, Z.,
Zou, J., Yao, P., Gao, C., Wei, J., Ung, C.0.L., Wang, S., Zhong, Z., Wang, Y., 2019.
Naturally occurring anti-cancer compounds: shining from Chinese herbal medicine.
Chin. Med. 14, 48. https://doi.org/10.1186/513020-019-0270-9.

Luo, H., Zhuang, J., Hu, P., Ye, W., Chen, S, Pang, Y., Li, N., Deng, C., Zhang, X., 2018.
Resveratrol delays retinal ganglion cell loss and attenuates gliosis-related

18

Ageing Research Reviews 75 (2022) 101572

inflammation from ischemia-reperfusion injury. Investig. Opthalmol. Vis. Sci. 59,
3879. https://doi.org/10.1167/iovs.18-23806.

Luo, J., Mills, K., Cessie, S., Noordam, R., van Heemst, D., 2020. Ageing, age-related
diseases and oxidative stress: what to do next? Ageing Res. Rev. 57, 100982 https://
doi.org/10.1016/j.arr.2019.100982.

Lv, B., Huo, F., Zhu, Z., Xu, Z., Dang, X., Chen, T., Zhang, T., Yang, X., 2016. Crocin
upregulates CX3CR1 expression by suppressing NF-kB/YY1 signaling and inhibiting
lipopolysaccharide-induced microglial activation. Neurochem. Res. 41, 1949-1957.
https://doi.org/10.1007/511064-016-1905-1.

Mack, T.G., Reiner, M., Beirowski, B., Mi, W., Emanuelli, M., Wagner, D., Thomson, D.,
Gillingwater, T., Court, F., Conforti, L., Fernando, F.S., Tarlton, A., Andressen, C.,
Addicks, K., Magni, G., Ribchester, R.R., Perry, V.H., Coleman, M.P., 2001. Wallerian
degeneration of injured axons and synapses is delayed by a Ube4b/Nmnat chimeric
gene. Nat. Neurosci. 4, 1199-1206. https://doi.org/10.1038/nn770.

Madreiter-Sokolowski, C.T., Thomas, C., Ristow, M., 2020. Interrelation between ROS
and Ca®" in aging and age-related diseases. Redox Biol. 36, 101678 https://doi.org/
10.1016/j.redox.2020.101678.

Maes, M.E., Schlamp, C.L., Nickells, R.W., 2017. BAX to basics: how the BCL2 gene
family controls the death of retinal ganglion cells. Prog. Retin Eye Res. 57, 1-25.
https://doi.org/10.1016/j.preteyeres.2017.01.002.

Makris, D.P., Rossiter, J.T., 2000. Heat-induced, metal-catalyzed oxidative degradation
of quercetin and rutin (quercetin 3- o -rhamnosylglucoside) in aqueous model
systems. J. Agric. Food Chem. 48, 3830-3838. https://doi.org/10.1021/jf0001280.

Mao, K., Wu, X., 2019. Salvianolic acid A protects optic nerve from ischemia-reperfusion
injury via inhibiting astrocytes and ROCK activation. EBioMedicine. https://doi.org/
10.2139/ssrn.3501022.

Martins, N., Barros, L., Ferreira, I.C.F.R., 2016. In vivo antioxidant activity of phenolic
compounds: facts and gaps. Trends Food Sci. Technol. 48, 1-12. https://doi.org/
10.1016/j.tifs.2015.11.008.

Mayack, B.K., Sippl, W., Ntie-Kang, F., 2020. Natural products as modulators of sirtuins.
Molecules 25. https://doi.org/10.3390/molecules25143287.

McMonnies, C., 2018. Reactive oxygen species, oxidative stress, glaucoma and
hyperbaric oxygen therapy. J. Optom. 11, 3-9. https://doi.org/10.1016/j.
optom.2017.06.002.

Meng, T., Kulkarni, V., Simmers, R., Brar, V., Xu, Q., 2019. Therapeutic implications of
nanomedicine for ocular drug delivery. Drug Discov. Today 24, 1524-1538. https://
doi.org/10.1016/j.drudis.2019.05.006.

Mietzner, R., Kade, C., Froemel, F., Pauly, D., Stamer, W.D., Ohlmann, A., Wegener, J.,
Fuchshofer, R., Breunig, M., 2020. Fasudil loaded PLGA microspheres as potential
intravitreal depot formulation for glaucoma therapy. Pharmaceutics 12, 706.

Milatovic, D., Zaja-Milatovic, S., Montine, K.S., Shie, F.S., Montine, T.J., 2004. Neuronal
oxidative damage and denritic degeneration following activation of CD14-dependent
innate immune response in vivo. J. Neuroinflamm. 1, 1-7. https://doi.org/10.1186/
1742-2094-1-20.

Minckler, D.S., 1981. Optic nerve damage in glaucoma. Surv. Ophthalmol. 26, 128-136.
https://doi.org/10.1016/0039-6257(81)90061-8.

Minckler, D.S., Bunt, A.H., Johanson, G.W., 1977. Orthograde and retrograde axoplasmic
transport during acute ocular hypertension in the monkey. Invest. Ophthalmol. Vis.
Sci. 16, 426-441.

Minegishi, Y., Nakayama, M., lejima, D., Kawase, K., Iwata, T., 2016. Significance of
optineurin mutations in glaucoma and other diseases. Prog. Retin. Eye Res. 55,
149-181. https://doi.org/10.1016/j.preteyeres.2016.08.002.

Mirzaei, M., Gupta, V.K., Chitranshi, N., Deng, L., Pushpitha, K., Abbasi, M., Chick, J.M.,
Rajput, R., Wy, Y., McKay, M.J., Salekdeh, G.H., Gupta, V.B., Haynes, P.A.,
Graham, S.L., 2020. Retinal proteomics of experimental glaucoma model reveal
intraocular pressure-induced mediators of neurodegenerative changes. J. Cell.
Biochem. 121, 4931-4944. https://doi.org/10.1002/jcb.29822.

Mishra, S.S., Banode, K.B., Belgamwar, V.S., 2017. Nanotechnology: a tool for targeted
drug delivery. In: Nanotechnology Applied To Pharmaceutical Technology. Springer
International Publishing, Cham, pp. 113-137. https://doi.org/10.1007/978-3-319-
70299-5_5.

Moon, J.-I., Kim, L.-B., Gwon, J.-S., Park, M.-H., Kang, T.-H., Lim, E.-J., Choi, K.-R.,
Chun, M.-H., 2005. Changes in retinal neuronal populations in the DBA/2J mouse.
Cell Tissue Res. 320, 51-59. https://doi.org/10.1007/500441-004-1062-8.

Moreno, M.C., Campanelli, J., Sande, P., Sdenz, D.A., Keller Sarmiento, M.,
Rosenstein, R.E., 2004. Retinal oxidative stress induced by high intraocular pressure.
Free Radic. Biol. Med. 37, 803-812. https://doi.org/10.1016/j.
freeradbiomed.2004.06.001.

Morgan, J.E., Datta, A.V., Erichsen, J.T., Albon, J., Boulton, M.E., 2016. Retinal Ganglion
Cell Remodelling In Experimental Glaucoma. In: Retinal Degenerative Diseases.
Springer US, Boston, MA, pp. 397-402. https://doi.org/10.1007/0-387-32442-9 56.

Mousa, A., Kondkar, A., Al-Obeidan, S., Azad, T., Sultan, T., Osman, E., Abu-Amero, K.,
2015. Association of total antioxidants level with glaucoma type and severity. Saudi
Med. J. 36, 671-677. https://doi.org/10.15537/5smj.2015.6.10697.

Murray, M.T., Pizzorno, J., 2012. The Encyclopedia of Natural Medicine, third ed. Atria
Books, New York.

Naia, L., Carmo, C., Campesan, S., Fao, L., Cotton, V.E., Valero, J., Lopes, C.,
Rosenstock, T.R., Giorgini, F., Rego, A.C., 2021. Mitochondrial SIRT3 confers
neuroprotection in Huntington’s disease by regulation of oxidative challenges and
mitochondrial dynamics. Free Radic. Biol. Med. 163, 163-179. https://doi.org/
10.1016/j.freeradbiomed.2020.11.031.

Nakajima, E., David, L.L., Bystrom, C., Shearer, T.R., Azuma, M., 2006. Calpain-specific
proteolysis in primate retina: contribution of calpains in cell death. Investig.
Opthalmol. Vis. Sci. 47, 5469. https://doi.org/10.1167/i0vs.06-0567.


https://doi.org/10.1186/s40662-015-0027-1
https://doi.org/10.2165/11531820-000000000-00000
https://doi.org/10.2165/11531820-000000000-00000
https://doi.org/10.1006/exer.2001.1122
https://doi.org/10.1038/s41598-019-48054-y
https://doi.org/10.1021/acsbiomaterials.7b00319
https://doi.org/10.1021/acsbiomaterials.7b00319
https://doi.org/10.1016/j.mito.2011.11.004
https://doi.org/10.1038/eye.2011.82
https://doi.org/10.3390/nu11051002
https://doi.org/10.1016/j.mcn.2008.12.005
https://doi.org/10.1016/j.mcn.2008.12.005
https://doi.org/10.1016/j.mito.2017.03.006
https://doi.org/10.3389/fbioe.2020.00200
https://doi.org/10.3389/fbioe.2020.00200
https://doi.org/10.1016/j.brainres.2012.12.032
https://doi.org/10.1167/iovs.08-2310
https://doi.org/10.1167/iovs.08-2310
https://doi.org/10.1016/j.taap.2014.12.001
https://doi.org/10.1371/journal.pgen.0010004
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/s41433-018-0318-6
https://doi.org/10.1038/s41433-018-0318-6
https://doi.org/10.1038/s41598-019-40177-6
https://doi.org/10.1186/s40478-018-0618-x
https://doi.org/10.1016/j.exer.2017.05.002
https://doi.org/10.1016/j.nlm.2007.08.018
https://doi.org/10.1016/j.nlm.2007.08.018
https://doi.org/10.1007/s00217-017-2948-5
https://doi.org/10.1093/jrr/rrs025
https://doi.org/10.1186/s13020-019-0270-9
https://doi.org/10.1167/iovs.18-23806
https://doi.org/10.1016/j.arr.2019.100982
https://doi.org/10.1016/j.arr.2019.100982
https://doi.org/10.1007/s11064-016-1905-1
https://doi.org/10.1038/nn770
https://doi.org/10.1016/j.redox.2020.101678
https://doi.org/10.1016/j.redox.2020.101678
https://doi.org/10.1016/j.preteyeres.2017.01.002
https://doi.org/10.1021/jf0001280
https://doi.org/10.2139/ssrn.3501022
https://doi.org/10.2139/ssrn.3501022
https://doi.org/10.1016/j.tifs.2015.11.008
https://doi.org/10.1016/j.tifs.2015.11.008
https://doi.org/10.3390/molecules25143287
https://doi.org/10.1016/j.optom.2017.06.002
https://doi.org/10.1016/j.optom.2017.06.002
https://doi.org/10.1016/j.drudis.2019.05.006
https://doi.org/10.1016/j.drudis.2019.05.006
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref182
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref182
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref182
https://doi.org/10.1186/1742-2094-1-20
https://doi.org/10.1186/1742-2094-1-20
https://doi.org/10.1016/0039-6257(81)90061-8
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref185
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref185
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref185
https://doi.org/10.1016/j.preteyeres.2016.08.002
https://doi.org/10.1002/jcb.29822
https://doi.org/10.1007/978-3-319-70299-5_5
https://doi.org/10.1007/978-3-319-70299-5_5
https://doi.org/10.1007/s00441-004-1062-8
https://doi.org/10.1016/j.freeradbiomed.2004.06.001
https://doi.org/10.1016/j.freeradbiomed.2004.06.001
https://doi.org/10.1007/0-387-32442-9_56
https://doi.org/10.15537/smj.2015.6.10697
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref193
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref193
https://doi.org/10.1016/j.freeradbiomed.2020.11.031
https://doi.org/10.1016/j.freeradbiomed.2020.11.031
https://doi.org/10.1167/iovs.06-0567

P.R. Cdceres-Vélez et al.

Nakajima, Y., Inokuchi, Y., Nishi, M., Shimazawa, M., Otsubo, K., Hara, H., 2008.
Coenzyme Q10 protects retinal cells against oxidative stress in vitro and in vivo.
Brain Res. 1226, 226-233. https://doi.org/10.1016/j.brainres.2008.06.026.

Nakazawa, T., Nakazawa, C., Matsubara, A., Noda, K., Hisatomi, T., She, H., Michaud, N.,
Hafezi-Moghadam, A., Miller, J.W., Benowitz, L.I., 2006. Tumor necrosis factor-
mediates oligodendrocyte death and delayed retinal ganglion cell loss in a mouse
model of glaucoma. J. Neurosci. 26, 12633-12641. https://doi.org/10.1523/
JNEUROSCI.2801-06.2006.

Nam, K.N., Park, Y.-M., Jung, H.-J., Lee, J.Y., Min, B.D., Park, S.-U., Jung, W.-S., Cho, K.-
H., Park, J.-H., Kang, 1., Hong, J.-W., Lee, E.H., 2010. Anti-inflammatory effects of
crocin and crocetin in rat brain microglial cells. Eur. J. Pharmacol. 648, 110-116.
https://doi.org/10.1016/j.ejphar.2010.09.003.

Namekata, K., Kimura, A., Kawamura, K., Guo, X., Harada, C., Tanaka, K., Harada, T.,
2013. Dock3 attenuates neural cell death due to NMDA neurotoxicity and oxidative
stress in a mouse model of normal tension glaucoma. Cell Death Differ. 20,
1250-1256. https://doi.org/10.1038/cdd.2013.91.

Natesan, S., Pandian, S., Ponnusamy, C., Palanichamy, R., Muthusamy, S.,

Kandasamy, R., 2017. Co-encapsulated resveratrol and quercetin in chitosan and peg
modified chitosan nanoparticles: For efficient intra ocular pressure reduction. Int. J.
Biol. Macromol. 104, 1837-1845. https://doi.org/10.1016/j.ijbiomac.2017.04.117.

Nayak, K., Misra, M., 2018. A review on recent drug delivery systems for posterior
segment of eye. Biomed. Pharmacother. 107, 1564-1582. https://doi.org/10.1016/].
biopha.2018.08.138.

Neufeld, A.H., 1997. Nitric oxide synthase in the human glaucomatous optic nerve head.
Arch. Ophthalmol. 115, 497. https://doi.org/10.1001/
archopht.1997.01100150499009.

Nickells, R.W., 2007. From ocular hypertension to ganglion cell death: a theoretical
sequence of events leading to glaucoma. Can. J. Ophthalmol. 42, 278-287. https://
doi.org/10.3129/can.j.ophthalmol.i07-036.

Nita, M., Grzybowski, A., 2016. The role of the reactive oxygen species and oxidative
stress in the pathomechanism of the age-related ocular diseases and other
pathologies of the anterior and posterior eye segments in adults. Oxid. Med. Cell.
Longev. 2016, 1-23. https://doi.org/10.1155/2016/3164734.

Noro, T., Namekata, K., Kimura, A., Azuchi, Y., Hashimoto, N., Moriya-Ito, K.,

Komaki, Y., Lee, C.-Y., Okahara, N., Guo, X., Harada, C., Kim, E., Nakano, T.,
Tsuneoka, H., Inoue, T., Sasaki, E., Tokuno, H., Harada, T., 2019. Normal tension
glaucoma-like degeneration of the visual system in aged marmosets. Sci. Rep. 9,
14852. https://doi.org/10.1038/541598-019-51281-y.

Nucci, C., Di Pierro, D., Varesi, C., Ciuffoletti, E., Russo, R., Gentile, R., Cedrone, C.,
Pinazo Duran, M.D., Coletta, M., Mancino, R., 2013. Increased malondialdehyde
concentration and reduced total antioxidant capacity in aqueous humor and blood
samples from patients with glaucoma. Mol. Vis. 19, 1841-1846.

O’Hare Doig, R.L., Bartlett, C.A., Maghzal, G.J., Lam, M., Archer, M., Stocker, R.,
Fitzgerald, M., 2014. Reactive species and oxidative stress in optic nerve vulnerable
to secondary degeneration. Exp. Neurol. 261, 136-146. https://doi.org/10.1016/j.
expneurol.2014.06.007.

Ochakovski, G.A., Peters, T., Michalakis, S., Wilhelm, B., Wissinger, B., Biel, M., Bartz-
Schmidt, K.U., Fischer, M.D., 2017. Subretinal injection for gene therapy does not
cause clinically significant outer nuclear layer thinning in normal primate foveae.
Investig. Opthalmol. Vis. Sci. 58, 4155. https://doi.org/10.1167 /iovs.17-22402.

Ohira, A., Hara, K., J6hannesson, G., Tanito, M., Asgrimsdéttir, G.M., Lund, S.H.,
Loftsson, T., Stefansson, E., 2015. Topical dexamethasone y -cyclodextrin
nanoparticle eye drops increase visual acuity and decrease macular thickness in
diabetic macular oedema. Acta Ophthalmol. 93, 610-615. https://doi.org/10.1111/
a0s.12803.

Osborne, N.N., 2010. Mitochondria: their role in ganglion cell death and survival in
primary open angle glaucoma. Exp. Eye Res. 90, 750-757. https://doi.org/10.1016/
j-exer.2010.03.008.

Osborne, N.N., Alvarez, C.N., Del Olmo Aguado, S., 2014. Targeting mitochondrial
dysfunction as in aging and glaucoma. Drug Discov. Today 19, 1613-1622. https://
doi.org/10.1016/j.drudis.2014.05.010.

Osborne, N.N., Ntfez-Alvarez, C., Joglar, B., del Olmo-Aguado, S., 2016. Glaucoma:
focus on mitochondria in relation to pathogenesis and neuroprotection. Eur. J.
Pharmacol. 787, 127-133. https://doi.org/10.1016/j.ejphar.2016.04.032.

Ozates, S., Elgin, K.U,, Yilmaz, N.S., Demirel, O.0., Sen, E., Yilmazbas, P., 2019.
Evaluation of oxidative stress in pseudo-exfoliative glaucoma patients treated with
and without topical coenzyme Q10 and vitamin E. Eur. J. Ophthalmol. 29, 196-201.
https://doi.org/10.1177/1120672118779486.

Pandian, S., Jeevanesan, V., Ponnusamy, C., Natesan, S., 2017. RES-loaded pegylated CS
NPs: for efficient ocular delivery. IET Nanobiotechnol. 11, 32-39. https://doi.org/
10.1049/iet-nbt.2016.0069.

Pang, I.-H., Clark, A.F., 2020. Inducible rodent models of glaucoma. Prog. Retin. Eye Res.
75, 100799 https://doi.org/10.1016/j.preteyeres.2019.100799.

Park, J.W., Kwon, H.J., Chung, W.S., Kim, C.Y., Seong, G.J., 2011. Short-term effects of
ginkgo biloba extract on peripapillary retinal blood flow in normal tension
glaucoma. Korean J. Ophthalmol. 25, 323. https://doi.org/10.3341/
kjo.2011.25.5.323.

Patel, S., Mathan, J.J., Vaghefi, E., Braakhuis, A.J., 2015. The effect of flavonoids on
visual function in patients with glaucoma or ocular hypertension: a systematic
review and meta-analysis. Graefe’s Arch. Clin. Exp. Ophthalmol. 253, 1841-1850.
https://doi.org/10.1007/500417-015-3168-y.

Pease, M.E., McKinnon, S.J., Quigley, H.A., Kerrigan-Baumrind, L.A., Zack, D.J., 2000.
Obstructed axonal transport of BDNF and its receptor TrkB in experimental
glaucoma. Investig. Ophthalmol. Vis. Sci. 41, 764-774.

19

Ageing Research Reviews 75 (2022) 101572

Petri, S., Korner, S., Kiaei, M., 2012. Nrf2/ARE Signaling Pathway: Key Mediator In
Oxidative Stress And Potential Therapeutic Target in ALS. Neurol. Res. Int. 2012,
1-7. https://doi.org/10.1155/2012/878030.

Pinazo-duran, M., Cantu-Dibildox, J., Galbis-Estrada, C., Marco-Ramirez, C., Diaz-
Llopis, M., Javier, Benitez-del-Castillo, 2013. Patients undergoing long-term
treatment with antihypertensive eye drops responded positively with respect to their
ocular surface disorder to oral supplementation with antioxidants and essential fatty
acids. Clin. Interv. Aging 711. https://doi.org/10.2147/CIA.S43191.

Pinazo-Duran, M.D., Shoaie-Nia, K., Zanon-Moreno, V., Sanz-Gonzalez, S.M., del
Castillo, J.B., Garcia-Medina, J.J., 2017. Strategies to reduce oxidative stress in
glaucoma patients. Curr. Neuropharmacol. 16, 903-918. https://doi.org/10.2174/
1570159x15666170705101910.

Pinazo-Duran, M.D., Zanon-Moreno, V., Gallego-Pinazo, R., Garcia-Medina, J.J., 2015.
Oxidative stress and mitochondrial failure in the pathogenesis of glaucoma
neurodegeneration (in:). Prog. Brain Res. 127-153. https://doi.org/10.1016/bs.
pbr.2015.06.001.

Pinazo-Duran, M.D., Zanén-Moreno, V., Garcia-Medina, J.J., Gallego-Pinazo, R., 2013.
Evaluation of presumptive biomarkers of oxidative stress, immune response and
apoptosis in primary open-angle glaucoma. Curr. Opin. Pharmacol. 13, 98-107.
https://doi.org/10.1016/j.coph.2012.10.007.

Pires, T.C.S.P., Caleja, C., Santos-Buelga, C., Barros, L., Ferreira, I.C.F.R., 2020.
Vaccinium myrtillus L. fruits as a novel source of phenolic compounds with health
benefits and industrial applications - a review. Curr. Pharm. Des. 26, 1917-1928.
https://doi.org/10.2174/1381612826666200317132507.

Pirhan, D., Yiiksel, N., Emre, E., Cengiz, A., Kiirsat Yildiz, D., 2016. Riluzole- and
resveratrol-induced delay of retinal ganglion cell death in an experimental model of
glaucoma. Curr. Eye Res. 41, 59-69. https://doi.org/10.3109/
02713683.2015.1004719.

Quaranta, L., Bettelli, S., Uva, M.G., Semeraro, F., Turano, R., Gandolfo, E., 2003. Effect
of Ginkgo biloba extract on preexisting visual field damage in normal tension
glaucoma. Ophthalmology 110, 359-362. https://doi.org/10.1016/50161-6420(02)
01745-1.

Quigley, H., Anderson, D.R., 1976. The dynamics and location of axonal transport
blockade by acute intraocular pressure elevation in primate optic nerve. Investig.
Ophthalmol. 15, 606-616.

Quigley, H.A., Addicks, E.M., 1980. Chronic experimental glaucoma in primates. II.
Effect of extended intraocular pressure elevation on optic nerve head and axonal
transport. Investig. Ophthalmol. Vis. Sci. 19, 137-152.

Quigley, H.A., Addicks, E.M., Green, W.R., Maumenee, A.E., 1981. Optic nerve damage
in human glaucoma. II. The site of injury and susceptibility to damage. Arch.
Ophthalmol. 99, 635-649.

Quigley, H.A., Hohman, R.M., Addicks, E.M., Massof, R.W., Green, W.R., 1983.
Morphologic changes in the lamina cribrosa correlated with neural loss in open-
angle glaucoma. Am. J. Ophthalmol. 95, 673-691.

Quigley, H.A., McKinnon, S.J., Zack, D.J., Pease, M.E., Kerrigan-Baumrind, L.A.,
Kerrigan, D.F., Mitchell, R.S., 2000. Retrograde axonal transport of BDNF in retinal
ganglion cells is blocked by acute IOP elevation in rats. Investig. Ophthalmol. Vis.
Sci. 41, 3460-3466.

Ramdas, W.D., Wolfs, R.C.W., Kiefte-De Jong, J.C., Hofman, A., De Jong, P.T.V.M.,
Vingerling, J.R., Jansonius, N.M., 2012. Nutrient intake and risk of open-Angle
glaucoma: the Rotterdam study. Eur. J. Epidemiol. 27, 385-393. https://doi.org/
10.1007/510654-012-9672-z.

Ratnam, D.V., Ankola, D.D., Bhardwaj, V., Sahana, D.K., Kumar, M.N.V.R., 2006. Role of
antioxidants in prophylaxis and therapy: a pharmaceutical perspective. J. Control.
Release 113, 189-207. https://doi.org/10.1016/j.jconrel.2006.04.015.

Ren, L., Danias , J., 2010. A Role Complement Glaucoma?, pp. 95-104 doi: 10.1007/978-
1-4419-5635-4_7.

Richardson, R., Tracey-White, D., Webster, A., Moosajee, M., 2017. The zebrafish eye-a
paradigm for investigating human ocular genetics. Eye 31, 68-86. https://doi.org/
10.1038/eye.2016.198.

Rocha-Ferreira, E., Sisa, C., Bright, S., Fautz, T., Harris, M., Contreras Riquelme, I.,
Agwu, C., Kurulday, T., Mistry, B., Hill, D., Lange, S., Hristova, M., 2019. Curcumin:
novel treatment in neonatal hypoxic-ischemic brain injury. Front. Physiol. 10
https://doi.org/10.3389/fphys.2019.01351.

Rosen, A.M., Stevens, B., 2010. The Role of the Classical Complement Cascade in Synapse
Loss During Development and Glaucoma. pp. 75-93. (https://doi.org/10.1007/
978-1-4419-5635-4_6).

Rudzinski, M., Wong, T.-P., Uri Saragovi, H., 2004. Changes in retinal expression of
neurotrophins and neurotrophin receptors induced by ocular hypertension.

J. Neurobiol. 58, 341-354. https://doi.org/10.1002/neu.10293.

Rupesinghe, E.J.R., Jones, A., Shalliker, R.A., Pravadali-Cekic, S., 2016. A rapid
screening analysis of antioxidant compounds in native australian food plants using
multiplexed detection with active flow technology columns. Molecules 21. https://
doi.org/10.3390/molecules21010118.

Russo, R., Adornetto, A., Cavaliere, F., Varano, G.P., Rusciano, D., Morrone, L.A.,
Corasaniti, M.T., Bagetta, G., Nucci, C., 2015. Intravitreal injection of forskolin,
homotaurine, and L-carnosine affords neuroprotection to retinal ganglion cells
following retinal ischemic injury. Mol. Vis. 21, 718-729.

Sah, A.K., Bhuwane, N., Choudhary, I., Ramkar, S., Suresh, P.K., 2020. Application of
biocompatible nanocarriers in glaucoma: challenges and advances. In:
Nanoformulations in Human Health. Springer International Publishing, Cham,
pp. 207-226. https://doi.org/10.1007/978-3-030-41858-8_10.

Saidi, E.A., Davey, P.G., Cameron, D.J., 2015. The effect of zeaxanthin on the visual
acuity of zebrafish. PLoS One 10, 8-15. https://doi.org/10.1371/journal.
pone.0135211.


https://doi.org/10.1016/j.brainres.2008.06.026
https://doi.org/10.1523/JNEUROSCI.2801-06.2006
https://doi.org/10.1523/JNEUROSCI.2801-06.2006
https://doi.org/10.1016/j.ejphar.2010.09.003
https://doi.org/10.1038/cdd.2013.91
https://doi.org/10.1016/j.ijbiomac.2017.04.117
https://doi.org/10.1016/j.biopha.2018.08.138
https://doi.org/10.1016/j.biopha.2018.08.138
https://doi.org/10.1001/archopht.1997.01100150499009
https://doi.org/10.1001/archopht.1997.01100150499009
https://doi.org/10.3129/can.j.ophthalmol.i07-036
https://doi.org/10.3129/can.j.ophthalmol.i07-036
https://doi.org/10.1155/2016/3164734
https://doi.org/10.1038/s41598-019-51281-y
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref206
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref206
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref206
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref206
https://doi.org/10.1016/j.expneurol.2014.06.007
https://doi.org/10.1016/j.expneurol.2014.06.007
https://doi.org/10.1167/iovs.17-22402
https://doi.org/10.1111/aos.12803
https://doi.org/10.1111/aos.12803
https://doi.org/10.1016/j.exer.2010.03.008
https://doi.org/10.1016/j.exer.2010.03.008
https://doi.org/10.1016/j.drudis.2014.05.010
https://doi.org/10.1016/j.drudis.2014.05.010
https://doi.org/10.1016/j.ejphar.2016.04.032
https://doi.org/10.1177/1120672118779486
https://doi.org/10.1049/iet-nbt.2016.0069
https://doi.org/10.1049/iet-nbt.2016.0069
https://doi.org/10.1016/j.preteyeres.2019.100799
https://doi.org/10.3341/kjo.2011.25.5.323
https://doi.org/10.3341/kjo.2011.25.5.323
https://doi.org/10.1007/s00417-015-3168-y
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref218
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref218
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref218
https://doi.org/10.1155/2012/878030
https://doi.org/10.2147/CIA.S43191
https://doi.org/10.2174/1570159x15666170705101910
https://doi.org/10.2174/1570159x15666170705101910
https://doi.org/10.1016/bs.pbr.2015.06.001
https://doi.org/10.1016/bs.pbr.2015.06.001
https://doi.org/10.1016/j.coph.2012.10.007
https://doi.org/10.2174/1381612826666200317132507
https://doi.org/10.3109/02713683.2015.1004719
https://doi.org/10.3109/02713683.2015.1004719
https://doi.org/10.1016/S0161-6420(02)01745-1
https://doi.org/10.1016/S0161-6420(02)01745-1
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref227
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref227
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref227
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref228
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref228
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref228
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref229
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref229
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref229
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref230
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref230
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref230
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref231
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref231
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref231
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref231
https://doi.org/10.1007/s10654-012-9672-z
https://doi.org/10.1007/s10654-012-9672-z
https://doi.org/10.1016/j.jconrel.2006.04.015
https://doi.org/10.1038/eye.2016.198
https://doi.org/10.1038/eye.2016.198
https://doi.org/10.3389/fphys.2019.01351
https://doi.org/10.1007/978-1-4419-5635-4_6
https://doi.org/10.1007/978-1-4419-5635-4_6
https://doi.org/10.1002/neu.10293
https://doi.org/10.3390/molecules21010118
https://doi.org/10.3390/molecules21010118
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref238
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref238
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref238
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref238
https://doi.org/10.1007/978-3-030-41858-8_10
https://doi.org/10.1371/journal.pone.0135211
https://doi.org/10.1371/journal.pone.0135211

P.R. Cdceres-Vélez et al.

Salama, H.A., Ghorab, M., Mahmoud, A.A., Abdel Hady, M., 2017. PLGA nanoparticles as
subconjunctival injection for management of glaucoma. AAPS PharmSciTech 18,
2517-2528. https://doi.org/10.1208/512249-017-0710-8.

Saleh, M., Nagaraju, M., Porciatti, V., 2007. Longitudinal evaluation of retinal ganglion
cell function and IOP in the DBA/2J mouse model of glaucoma. Investig. Opthalmol.
Vis. Sci. 48, 4564. https://doi.org/10.1167/i0vs.07-0483.

Salinas-Navarro, M., Alarcén-Martinez, L., Valiente-Soriano, F.J., Jiménez-Lopez, M.,
Mayor-Torroglosa, S., Avilés-Trigueros, M., Villegas-Pérez, M.P., Vidal-Sanz, M.,
2010. Ocular hypertension impairs optic nerve axonal transport leading to
progressive retinal ganglion cell degeneration. Exp. Eye Res. 90, 168-183. https://
doi.org/10.1016/j.exer.2009.10.003.

Salinas-Navarro, M., Alarcon-Martinez, L., Valiente-Soriano, F.J., Ortin-Martinez, A.,
Jiménez-Lopez, M., Avilés-Trigueros, M., Villegas-Pérez, M.P., de la Villa, P., Vidal-
Sanz, M., 2009. Functional and morphological effects of laser-induced ocular
hypertension in retinas of adult albino Swiss mice. Mol. Vis. 15, 2578-2598.

Séanchez-Lopez, E., Egea, M.A., Davis, B.M., Guo, L., Espina, M., Silva, A.M., Calpena, A.
C., Souto, E.M.B., Ravindran, N., Ettcheto, M., Camins, A., Garcia, M.L., Cordeiro, M.
F., 2018. Memantine-loaded PEGylated biodegradable nanoparticles for the
treatment of glaucoma. Small 14, 1-12. https://doi.org/10.1002/smll.201701808.

Sandalio, L.M., Rodriguez-Serrano, M., Romero-Puertas, M.C., del Rio, L.A., 2013. Role
of peroxisomes as a source of reactive oxygen species (ROS) signaling molecules.
Subcell. Biochem. 69, 231-255. https://doi.org/10.1007/978-94-007-6889-5 13.

Schoenmann, Z., Assa-Kunik, E., Tiomny, S., Minis, A., Haklai-Topper, L., Arama, E.,
Yaron, A., 2010. Axonal degeneration is regulated by the apoptotic machinery or a
NAD+-sensitive pathway in insects and mammals. J. Neurosci. 30, 6375-6386.
https://doi.org/10.1523/JNEUROSCI.0922-10.2010.

Semba, K., Namekata, K., Kimura, A., Harada, C., Katome, T., Yoshida, H., Mitamura, Y.,
Harada, T., 2014. Dock3 overexpression and p38 MAPK inhibition synergistically
stimulate neuroprotection and axon regeneration after optic nerve injury. Neurosci.
Lett. 581, 89-93. https://doi.org/10.1016/j.neulet.2014.08.034.

Sharma, P.K., Chauhan, M.K., 2020. Optimization and evaluation of encapsulated
brimonidine tartrate-loaded nanoparticles incorporation in situ gel for efficient
intraocular pressure reduction. J. Sol. -Gel Sci. Technol. 95, 190-201. https://doi.
org/10.1007/s10971-020-05305-z.

Shen, Y., Wu, Q., Shi, J., Zhou, S., 2020. Regulation of SIRT3 on mitochondrial functions
and oxidative stress in Parkinson’s disease. Biomed. Pharmacother. 132, 110928
https://doi.org/10.1016/j.biopha.2020.110928.

Sheng, W., Lu, Y., Mei, F., Wang, N, Liu, Z., Han, Y., Zou, S., Xu, H., Zhang, X., 2018.
Expression in adult zebrafish retina. Glaucoma 59, 3-5.

Shim, S.H., Kim, J.M., Choi, C.Y., Kim, C.Y., Park, K.H., 2012. Ginkgo biloba extract and
bilberry anthocyanins improve visual function in patients with normal tension
glaucoma. J. Med. Food 15, 818-823. https://doi.org/10.1089/jmf.2012.2241.

Shou, T., Liu, J., Wang, W., Zhou, Y., Zhao, K., 2003. Differential dendritic shrinkage of a
and f retinal ganglion cells in cats with chronic glaucoma. Investig. Opthalmology
Vis. Sci. 44, 3005. https://doi.org/10.1167/i0vs.02-0620.

Simioni, C., Zauli, G., Martelli, A.M., Vitale, M., Sacchetti, G., Gonelli, A., Neri, L.M.,
2018. Oxidative stress: role of physical exercise and antioxidant nutraceuticals in
adulthood and aging. Oncotarget 9, 17181-17198. https://doi.org/10.18632/
oncotarget.24729.

Simon, D.J., Pitts, J., Hertz, N.T., Yang, J., Yamagishi, Y., Olsen, O., Tesic Mark, M.,
Molina, H., Tessier-Lavigne, M., 2016. Axon degeneration gated by retrograde
activation of somatic pro-apoptotic signaling. Cell 164, 1031-1045. https://doi.org/
10.1016/j.cell.2016.01.032.

Sohal, R., Mockett, R., Orr, W., 2000. Current issues concerning the role of oxidative
stress in aging: a perspective. Results Probl. Cell Differ. 29, 45-66. https://doi.org/
10.1007/978-3-540-48003-7_3.

Sorkhabi, R., Ghorbanihaghjo, A., Javadzadeh, A., Rashtchizadeh, N., Moharrery, M.,
2011. Oxidative DNA damage and total antioxidant status in glaucoma patients. Mol.
Vis. 17, 41-46.

Sousa-Victor, P., Neves, J., Cedron-Craft, W., Ventura, P.B., Liao, C.-Y., Riley, R.R.,
Soifer, 1., van Bruggen, N., Kolumam, G.A., Villeda, S.A., Lamba, D.A., Jasper, H.,
2019. MANF regulates metabolic and immune homeostasis in ageing and protects
against liver damage. Nat. Metab. 1, 276-290. https://doi.org/10.1038/542255-
018-0023-6.

Springelkamp, H., Iglesias, A.I., Mishra, A., Hohn, R., Wojciechowski, R., Khawaja, A.P.,
Nag, A., Wang, Y.X., Wang, J.J., Cuellar-Partida, G., Gibson, J., Cooke Bailey, J.N.,
Vithana, E.N., Gharahkhani, P., Boutin, T., Ramdas, W.D., Zeller, T., Luben, R.N.,
Yonova-Doing, E., Viswanathan, A.C., Yazar, S., Cree, A.J., Haines, J.L., Koh, J.Y.,
Souzeau, E., Wilson, J.F., Amin, N., Miiller, C., Venturini, C., Kearns, L.S., Hee
Kang, J., Consortium, N., Tham, Y.C., Zhou, T., van Leeuwen, E.M., Nickels, S.,
Sanfilippo, P., Liao, J., Linde, H., van der, Zhao, W., van Koolwijk, L.M.E., Zheng, L.,
Rivadeneira, F., Baskaran, M., van der Lee, S.J., Perera, S., de Jong, P.T.V.M.,
Oostra, B.A., Uitterlinden, A.G., Fan, Q., Hofman, A., Shyong Tai, E.-, Vingerling, J.
R., Sim, X., Wolfs, R.C.W., Teo, Y.Y., Lemij, H.G., Khor, C.C., Willemsen, R.,
Lackner, K.J., Aung, T., Jansonius, N.M., Montgomery, G., Wild, P.S., Young, T.L.,
Burdon, K.P., Hysi, P.G., Pasquale, L.R., Wong, T.Y., Klaver, C.C.W., Hewitt, A.W.,
Jonas, J.B., Mitchell, P., Lotery, A.J., Foster, P.J., Vitart, V., Pfeiffer, N., Craig, J.E.,
Mackey, D.A., Hammond, C.J., Wiggs, J.L., Cheng, C.-Y., van Duijn, C.M.,
MacGregor, S., 2017. New insights into the genetics of primary open-angle glaucoma
based on meta-analyses of intraocular pressure and optic disc characteristics. Hum.
Mol. Genet., ddw399 https://doi.org/10.1093/hmg/ddw399.

Stowell, C., Burgoyne, C.F., Tamm, E.R., Ethier, C.R., Dowling, J.E., Downs, C.,
Ellisman, M.H., Fisher, S., Fortune, B., Fruttiger, M., Jakobs, T., Lewis, G.,
Masland, R.H., Mitchell, C.H., Morrison, J., Sharma, S.C., Sigal, ., Sofroniew, M.,
Wang, L., Wiggs, J., Wu, S., 2017. Biomechanical aspects of axonal damage in

20

Ageing Research Reviews 75 (2022) 101572

glaucoma: a brief review. Exp. Eye Res. 157, 13-19. https://doi.org/10.1016/j.
exer.2017.02.005.

Szwajgier, D., Borowiec, K., Pustelniak, K., 2017. The neuroprotective effects of phenolic
acids: Molecular mechanism of action. Nutrients 9, 1-21. https://doi.org/10.3390/
nu9050477.

Takihara, Y., Inatani, M., Eto, K., Inoue, T., Kreymerman, A., Miyake, S., Ueno, S.,
Nagaya, M., Nakanishi, A., Iwao, K., Takamura, Y., Sakamoto, H., Satoh, K.,
Kondo, M., Sakamoto, T., Goldberg, J.L., Nabekura, J., Tanihara, H., 2015. In vivo
imaging of axonal transport of mitochondria in the diseased and aged mammalian
CNS. Proc. Natl. Acad. Sci. U.S.A. 112, 10515-10520. https://doi.org/10.1073/
pnas.1509879112.

Tang, J., Dunshea, F.R., Suleria, H.A.R., 2020. LC-ESI-QTOF/MS characterization of
phenolic compounds from medicinal plants (Hops and Juniper Berries) and their
antioxidant activity. Foods 9, 1-25.

Tao, J.-X., Zhou, W.-C., Zhu, X.-G., 2019. Mitochondria as potential targets and initiators
of the blue light hazard to the retina. Oxid. Med. Cell. Longev. 2019, 1-20. https://
doi.org/10.1155/2019/6435364.

Tezel, G., 2006. Oxidative stress in glaucomatous neurodegeneration: Mechanisms and
consequences. Prog. Retin. Eye Res. 25, 490-513. https://doi.org/10.1016/j.
preteyeres.2006.07.003.

Tezel, G., Yang, X., Cai, J., 2005. Proteomic identification of oxidatively modified retinal
proteins in a chronic pressure-induced rat model of glaucoma. Investig. Ophthalmol.
Vis. Sci. 46, 3177-3187. https://doi.org/10.1167/iovs.05-0208.

Tezel, G., Yang, X., Luo, C., Peng, Y., Sun, S.L., Sun, D., 2007. Mechanisms of immune
system activation in glaucoma: oxidative stress-stimulated antigen presentation by
the retina and optic nerve head glia. Investig. Ophthalmol. Vis. Sci. 48, 705-714.
https://doi.org/10.1167/iovs.06-0810.

Tham, Y.-C., Li, X., Wong, T.Y., Quigley, H.A., Aung, T., Cheng, C.-Y., 2014. Global
prevalence of glaucoma and projections of glaucoma burden through 2040.
Ophthalmology 121, 2081-2090. https://doi.org/10.1016/j.ophtha.2014.05.013.

Toft-Kehler, A.K., Skytt, D.M., Svare, A., Lefevere, E., Van Hove, I., Moons, L.,
Waagepetersen, H.S., Kolko, M., 2017. Mitochondrial function in Miiller cells - Does
it matter? Mitochondrion 36, 43-51. https://doi.org/10.1016/j.mit0.2017.02.002.

Tosun, M., Yagcy, R., Erdurmus, M., 2014. Glaucoma and antioxidant status. In:
Handbook of Nutrition, Diet and the Eye. Elsevier, pp. 87-96. https://doi.org/
10.1016/B978-0-12-401717-7.00009-5.

Trivli, A., Zervou, M., Goulielmos, G., Spandidos, D., Detorakis, E., 2020. Primary open
angle glaucoma genetics: the common variants and their clinical associations
(Review). Mol. Med. Rep. 22, 1103-1110. https://doi.org/10.3892/
mmr.2020.11215.

Tsai, C.-H., Wang, P.-Y., Lin, L.-C., Huang, H., Liu, G.-S., Tseng, C.-L., 2018. Ocular drug
delivery: role of degradable polymeric nanocarriers for ophthalmic application. Int.
J. Mol. Sci. 19, 2830. https://doi.org/10.3390/ijms19092830.

Ulhaq, Z.S., Soraya, G.V., Hasan, Y.T.N., Rachma, L.N., Rachmawati, E., Shodry, S.,
Kusuma, M.A.S., 2021. Serum IL-6/IL-10 ratio as a biomarker for the diagnosis and
severity assessment of primary-open angle glaucoma, 112067212110371 Eur. J.
Ophthalmol.. https://doi.org/10.1177,/11206721211037133.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T.D., Mazur, M., Telser, J., 2007. Free
radicals and antioxidants in normal physiological functions and human disease. Int.
J. Biochem. Cell Biol. 39, 44-84. https://doi.org/10.1016/j.biocel.2006.07.001.

Van Bergen, N.J., Crowston, J.G., Craig, J.E., Burdon, K.P., Kearns, L.S., Sharma, S.,
Hewitt, A.W., Mackey, D.A., Trounce, I.A., 2015. Measurement of systemic
mitochondrial function in advanced Primary Open-Angle Glaucoma and leber
hereditary optic neuropathy. PLoS One 10. https://doi.org/10.1371/journal.
pone.0140919.

van der Woude, H., Gliszczyr’lska-éwigio, A., Struijs, K., Smeets, A., Alink, G.M.,
Rietjens, .M.C.M., 2003. Biphasic modulation of cell proliferation by quercetin at
concentrations physiologically relevant in humans. Cancer Lett. 200, 41-47. https://
doi.org/10.1016/50304-3835(03)00412-9.

Voulgaropoulou, S.D., van Amelsvoort, T.A.M.J., Prickaerts, J., Vingerhoets, C., 2019.
The effect of curcumin on cognition in Alzheimer’s disease and healthy aging: a
systematic review of pre-clinical and clinical studies. Brain Res. 1725, 146476
https://doi.org/10.1016/j.brainres.2019.146476.

Walle, T., 2011. Bioavailability of resveratrol. Ann. N.Y. Acad. Sci. 1215, 9-15. https://
doi.org/10.1111/§.1749-6632.2010.05842.x.

Wang, K., Peng, B., Lin, B., 2014. Fractalkine receptor regulates microglial neurotoxicity
in an experimental mouse glaucoma model. Glia 62, 1943-1954. https://doi.org/
10.1002/glia.22715.

Wang, L., Cao, T., Chen, H., 2018. Treatment of glaucomatous optic nerve damage using
ginsenoside Rgl mediated by ultrasound targeted microbubble destruction. Exp.
Ther. Med. 15, 300-304. https://doi.org/10.3892/etm.2017.5386.

Wang, N., Luo, Z., Jin, M., Sheng, W., Wang, H.-T., Long, X., Wu, Y., Hu, P., Xu, H.,
Zhang, X., 2019. Exploration of age-related mitochondrial dysfunction and the anti-
aging effects of resveratrol in zebrafish retina. Aging 11, 3117-3137. https://doi.
org/10.18632/aging.101966.

Wang, W.-D., Hsu, H.-J,, Li, Y.-F., Wu, C.-Y., 2017. Retinoic acid protects and rescues the
development of zebrafish embryonic retinal photoreceptor cells from exposure to
paclobutrazol. Int. J. Mol. Sci. 18, 130. https://doi.org/10.3390/ijms18010130.

Wang, X., Yuan, Z., 2019. Activation of Nrf2/HO-1 pathway protects retinal ganglion
cells from a rat chronic ocular hypertension model of glaucoma. Int. Ophthalmol. 39,
2303-2312. https://doi.org/10.1007/s10792-018-01071-8.

Warsi, M.H., Anwar, M., Garg, V., Jain, G.K., Talegaonkar, S., Ahmad, F.J., Khar, R.K.,
2014. Dorzolamide-loaded PLGA/vitamin E TPGS nanoparticles for glaucoma
therapy: pharmacoscintigraphy study and evaluation of extended ocular hypotensive
effect in rabbits. Colloids Surf. B Biointerfaces 122, 423-431. https://doi.org/
10.1016/j.colsurfb.2014.07.004.


https://doi.org/10.1208/s12249-017-0710-8
https://doi.org/10.1167/iovs.07-0483
https://doi.org/10.1016/j.exer.2009.10.003
https://doi.org/10.1016/j.exer.2009.10.003
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref244
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref244
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref244
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref244
https://doi.org/10.1002/smll.201701808
https://doi.org/10.1007/978-94-007-6889-5_13
https://doi.org/10.1523/JNEUROSCI.0922-10.2010
https://doi.org/10.1016/j.neulet.2014.08.034
https://doi.org/10.1007/s10971-020-05305-z
https://doi.org/10.1007/s10971-020-05305-z
https://doi.org/10.1016/j.biopha.2020.110928
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref251
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref251
https://doi.org/10.1089/jmf.2012.2241
https://doi.org/10.1167/iovs.02-0620
https://doi.org/10.18632/oncotarget.24729
https://doi.org/10.18632/oncotarget.24729
https://doi.org/10.1016/j.cell.2016.01.032
https://doi.org/10.1016/j.cell.2016.01.032
https://doi.org/10.1007/978-3-540-48003-7_3
https://doi.org/10.1007/978-3-540-48003-7_3
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref257
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref257
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref257
https://doi.org/10.1038/s42255-018-0023-6
https://doi.org/10.1038/s42255-018-0023-6
https://doi.org/10.1093/hmg/ddw399
https://doi.org/10.1016/j.exer.2017.02.005
https://doi.org/10.1016/j.exer.2017.02.005
https://doi.org/10.3390/nu9050477
https://doi.org/10.3390/nu9050477
https://doi.org/10.1073/pnas.1509879112
https://doi.org/10.1073/pnas.1509879112
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref263
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref263
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref263
https://doi.org/10.1155/2019/6435364
https://doi.org/10.1155/2019/6435364
https://doi.org/10.1016/j.preteyeres.2006.07.003
https://doi.org/10.1016/j.preteyeres.2006.07.003
https://doi.org/10.1167/iovs.05-0208
https://doi.org/10.1167/iovs.06-0810
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1016/j.mito.2017.02.002
https://doi.org/10.1016/B978-0-12-401717-7.00009-5
https://doi.org/10.1016/B978-0-12-401717-7.00009-5
https://doi.org/10.3892/mmr.2020.11215
https://doi.org/10.3892/mmr.2020.11215
https://doi.org/10.3390/ijms19092830
https://doi.org/10.1177/11206721211037133
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.1371/journal.pone.0140919
https://doi.org/10.1371/journal.pone.0140919
https://doi.org/10.1016/S0304-3835(03)00412-9
https://doi.org/10.1016/S0304-3835(03)00412-9
https://doi.org/10.1016/j.brainres.2019.146476
https://doi.org/10.1111/j.1749-6632.2010.05842.x
https://doi.org/10.1111/j.1749-6632.2010.05842.x
https://doi.org/10.1002/glia.22715
https://doi.org/10.1002/glia.22715
https://doi.org/10.3892/etm.2017.5386
https://doi.org/10.18632/aging.101966
https://doi.org/10.18632/aging.101966
https://doi.org/10.3390/ijms18010130
https://doi.org/10.1007/s10792-018-01071-8
https://doi.org/10.1016/j.colsurfb.2014.07.004
https://doi.org/10.1016/j.colsurfb.2014.07.004

P.R. Cdceres-Vélez et al.

Weber, A.J., Harman, C.D., 2005. Structure-function relations of parasol cells in the
normal and glaucomatous primate retina. Investig. Opthalmol. Vis. Sci. 46, 3197.
https://doi.org/10.1167/iovs.04-0834.

Weber, A.J., Kaufman, P.L., Hubbard, W.C., 1998. Morphology of single ganglion cells in
the glaucomatous primate retina. Investig. Ophthalmol. Vis. Sci. 39, 2304-2320.

Wells, J., Kilburn, M.R., Shaw, J.A., Bartlett, C.A., Harvey, A.R., Dunlop, S.A.,
Fitzgerald, M., 2012. Early in vivo changes in calcium ions, oxidative stress markers,
and ion channel immunoreactivity following partial injury to the optic nerve.

J. Neurosci. Res. 90, 606-618. https://doi.org/10.1002/jnr.22784.

Weng, Y., Liu, J., Jin, S., Guo, W., Liang, X., Hu, Z., 2017. Nanotechnology-based
strategies for treatment of ocular disease. Acta Pharm. Sin. B 7, 281-291. https://
doi.org/10.1016/j.apsb.2016.09.001.

West, A.L., Oren, G.A., Moroi, S.E., 2006. Evidence for the use of nutritional supplements
and herbal medicines in common eye diseases. Am. J. Ophthalmol. 141, 157-166.
https://doi.org/10.1016/j.aj0.2005.07.033.

Wiggs, J.L., Pasquale, L.R., 2017. Genetics of glaucoma. Hum. Mol. Genet. 26, R21-R27.
https://doi.org/10.1093/hmg/ddx184.

Williams, Pete A., Harder, J.M., Foxworth, N.E., Cardozo, B.H., Cochran, K.E., John, S.W.
M., 2017a. Nicotinamide and WLDS act together to prevent neurodegeneration in
glaucoma. Front. Neurosci. 11 https://doi.org/10.3389/fnins.2017.00232.

Williams, Pete A., Harder, J.M., Foxworth, N.E., Cochran, K.E., Philip, V.M., Porciatti, V.,
Smithies, O., John, S.W.M., 2017b. Vitamin B 3 modulates mitochondrial
vulnerability and prevents glaucoma in aged mice. Science 355, 756-760. https://
doi.org/10.1126/science.aal0092.

Williams, Pete A., Harder, J.M., Foxworth, N.E., Cochran, K.E., Vivek, M., Porciatti, V.,
Smithies, O., John, S.W.M., 2017c. Vitamin B3 modulates mitochondrial
vulnerability and prevents glaucoma in aged mice. Science 355, 756-760. https://
doi.org/10.1126/science.aal0092.

Williams, P.A., Marsh-Armstrong, N., Howell, G.R., The Lasker/IRRF Initiative on
Astrocytes and Glaucomatous Neurodegeneration Participants, 2017.
Neuroinflammation in glaucoma: A new opportunity. Exp. Eye Res. 157, 20-27.
https://doi.org/10.1016/j.exer.2017.02.014.

Wu, H.-C,, Lin, M.-Y., Horng, C.-T., Chien, K.-J., Lee, Y., 2017. Glaucoma treatment with
the aqueous extract of prunella vulgaris in rats experimental model. Life Sci. J. 14,
52-60. https://doi.org/10.7537/marslsj140417.07 .Keywords.

Xie, J., Jiang, L., Zhang, T., Jin, Y., Yang, D., Chen, F., 2010. Neuroprotective effects of
epigallocatechin-3-gallate (EGCG) in optic nerve crush model in rats. Neurosci. Lett.
479, 26-30. https://doi.org/10.1016/j.neulet.2010.05.020.

Xie, X., Wang, L., Zhao, B., Chen, Y., Li, J., 2017. SIRT3 mediates decrease of oxidative
damage and prevention of ageing in porcine fetal fibroblasts. Life Sci. 177, 41-48.
https://doi.org/10.1016/j.1fs.2017.01.010.

Xu, J., Ge, Y., By, R., Zhang, A., Feng, S., Wang, J., Gou, J., Yin, T., He, H., Zhang, Y.,
Tang, X., 2019. Co-delivery of latanoprost and timolol from micelles-laden contact
lenses for the treatment of glaucoma. J. Control. Release 305, 18-28. https://doi.
0rg/10.1016/j.jconrel.2019.05.025.

Xu, Y., Yang, B., Hu, Y., Lu, L., Lu, X., Wang, J., Xu, F., Yu, S., Huang, J., Liang, X., 2016.
Wogonin prevents TLR4-NF-kB-medicated neuro-inflammation and improves retinal
ganglion cells survival in retina after optic nerve crush. Oncotarget 7, 72503-72517.
https://doi.org/10.18632/oncotarget.12700.

Yang, X., Hondur, G., Tezel, G., 2016. Antioxidant treatment limits neuroinflammation in
experimental glaucoma. Investig. Opthalmol. Vis. Sci. 57, 2344. https://doi.org/
10.1167/i0vs.16-19153.

Yao, Z.-H., Yao, X., Zhang, Y., Zhang, S., Hu, J., 2018. Luteolin could improve cognitive
dysfunction by inhibiting neuroinflammation. Neurochem. Res. 43, 806-820.
https://doi.org/10.1007/s11064-018-2482-2.

Yaz, Yasemin, Yildirim, N., Yaz, Yetkin, Tekin, N., Inal, M., Mutlu Sahin, F., 2019. Role of
oxidative stress in pseudoexfoliation syndrome and pseudoexfoliation glaucoma.
Turk. J. Ophthalmol. 49, 61-67. https://doi.org/10.4274/tjo.galenos.2018.10734.

Yeh, S., Kurup, S.K., Wang, R.C., Foster, C.S., Noronha, G., Nguyen, Q.D., Do, D.V., 2019.
Suprachoroidal injection of triamcinolone acetonide, CLS-TA, for macular edema
due to noninfectious uveitis: a randomized, Phase 2 study (DOGWOOD). Retina 39,
1880-1888. https://doi.org/10.1097/IAE.0000000000002279.

21

Ageing Research Reviews 75 (2022) 101572

Yin, X., Manczak, M., Reddy, P.H., 2016. Mitochondria-targeted molecules MitoQ and
SS31 reduce mutant huntingtin-induced mitochondrial toxicity and synaptic damage
in Huntington’s disease. Hum. Mol. Genet. 25, 1739-1753. https://doi.org/
10.1093/hmg/ddw045.

Yildirim, O., Ates, N.A., Ercan, B., Muslu, N., Unlii, A., Tamer, L., Atik, U., Kanik, A.,
2005. Role of oxidative stress enzymes in open-angle glaucoma. Eye 19, 580-583.
https://doi.org/10.1038/sj.eye.6701565.

Yokota, S., Takihara, Y., Arimura, S., Miyake, S., Takamura, Y., Yoshimura, N.,
Inatani, M., 2015. Altered transport velocity of axonal mitochondria in retinal
ganglion cells after laser-induced axonal injury in vitro. Investig. Opthalmol. Vis. Sci.
56, 8019. https://doi.org/10.1167/iovs.15-17876.

Yokoyama, Y., Maruyama, K., Yamamoto, K., Omodaka, K., Yasuda, M., Himori, N.,
Ryu, M., Nishiguchi, K.M., Nakazawa, T., 2014. The role of calpain in an in vivo
model of oxidative stress-induced retinal ganglion cell damage. Biochem. Biophys.
Res. Commun. 451, 510-515. https://doi.org/10.1016/j.bbrc.2014.08.009.

Yoshida, K., Ohguro, 1., Ohguro, H., 2013. Black currant anthocyanins normalized
abnormal levels of serum concentrations of endothelin-1 in patients with glaucoma.
J. Ocul. Pharmacol. Ther. 29, 480-487. https://doi.org/10.1089/jop.2012.0198.

Yu, J., Sun, W,, Song, Y., Liu, J., Xue, F., Gong, K., Yang, X., Kang, Q., 2019. SIRT6
protects retinal ganglion cells against hydrogen peroxide-induced apoptosis and
oxidative stress by promoting Nrf2/ARE signaling via inhibition of Bachl. Chem.
Biol. Interact. 300, 151-158. https://doi.org/10.1016/j.cbi.2019.01.018.

Yuan, L., Neufeld, A.H., 2000. Tumor necrosis factor-alpha: a potentially
neurodestructive cytokine produced by glia in the human glaucomatous optic nerve
head. Glia 32, 42-50.

Yuki, K., Ozawa, Y., Yoshida, T., Kurihara, T., Hirasawa, M., Ozeki, N., Shiba, D.,
Noda, K., Ishida, S., Tsubota, K., 2011. Retinal ganglion cell loss in superoxide
dismutase 1 deficiency. Investig. Opthalmol. Vis. Sci. 52, 4143. https://doi.org/
10.1167/i0vs.10-6294.

Yuki, K., Tsubota, K., 2013. Increased urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG)/
creatinine level is associated with the progression of normal-tension glaucoma. Curr.
Eye Res. 38, 983-988. https://doi.org/10.3109/02713683.2013.800889.

Zeeshan, H., Lee, G., Kim, H.-R., Chae, H.-J., 2016. Endoplasmic reticulum stress and
associated ROS. Int. J. Mol. Sci. 17, 327. https://doi.org/10.3390/ijms17030327.

Zhang, G.-F., Zhang, Y., Zhao, G., 2015. Crocin protects PC12 cells against MPP+-
induced injury through inhibition of mitochondrial dysfunction and ER stress.
Neurochem. Int. 89, 101-110. https://doi.org/10.1016/j.neuint.2015.07.011.

Zhang, H.-F., Hu, X.-M., Wang, L.-X., Xu, S.-Q., Zeng, F.-D., 2009. Protective effects of
scutellarin against cerebral ischemia in rats: evidence for inhibition of the apoptosis-
inducing factor pathway. Planta Med. 75, 121-126. https://doi.org/10.1055/s-
0028-1088368.

Zhang, X., Feng, Y., Wang, Y., Wang, J., Xiang, D., Niu, W., Yuan, F., 2018. Resveratrol
ameliorates disorders of mitochondrial biogenesis and dynamics in a rat chronic
ocular hypertension model. Life Sci. 207, 234-245. https://doi.org/10.1016/j.
1fs.2018.06.010.

Zhao, J., Wang, S., Zhong, W., Yang, B., Sun, L., Zheng, Y., 2016. Oxidative stress in the
trabecular meshwork (Review). Int. J. Mol. Med. 38, 995-1002. https://doi.org/
10.3892/ijmm.2016.2714.

Zhou, M., Luo, J., Zhang, H., 2018. Role of Sirtuin 1 in the pathogenesis of ocular disease
(Review). Int. J. Mol. Med. 42, 13-20. https://doi.org/10.3892/ijmm.2018.3623.

Zhou, W., Hu, M., Hu, J., Du, Z,, Su, Q., Xiang, Z., 2021. Luteolin suppresses microglia
neuroinflammatory responses and relieves inflammation-induced cognitive
impairments. Neurotoxicol. Res. https://doi.org/10.1007/512640-021-00426-x.

Zhou, X., Lv, J., Li, G., Qian, T., Jiang, H., Xu, J., Cheng, Y., Hong, J., 2021. Rescue the
retina after the ischemic injury by polymer-mediated intracellular superoxide
dismutase delivery. Biomaterials 268, 120600.

Zhu, J., Chen, L., Qi, Y., Feng, J., Zhu, L., Bai, Y., Wu, H., 2018. Protective effects of
Erigeron breviscapus Hand.- Mazz. (EBHM) extract in retinal neurodegeneration
models. Mol. Vis. 24, 315-325.

Zia, A., Farkhondeh, T., Pourbagher-Shahri, A.M., Samarghandian, S., 2021. The role of
curcumin in aging and senescence: molecular mechanisms. Biomed. Pharmacother.
134, 111119 https://doi.org/10.1016/j.biopha.2020.111119.


https://doi.org/10.1167/iovs.04-0834
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref286
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref286
https://doi.org/10.1002/jnr.22784
https://doi.org/10.1016/j.apsb.2016.09.001
https://doi.org/10.1016/j.apsb.2016.09.001
https://doi.org/10.1016/j.ajo.2005.07.033
https://doi.org/10.1093/hmg/ddx184
https://doi.org/10.3389/fnins.2017.00232
https://doi.org/10.1126/science.aal0092
https://doi.org/10.1126/science.aal0092
https://doi.org/10.1126/science.aal0092
https://doi.org/10.1126/science.aal0092
https://doi.org/10.1016/j.exer.2017.02.014
https://doi.org/10.7537/marslsj140417.07.Keywords
https://doi.org/10.1016/j.neulet.2010.05.020
https://doi.org/10.1016/j.lfs.2017.01.010
https://doi.org/10.1016/j.jconrel.2019.05.025
https://doi.org/10.1016/j.jconrel.2019.05.025
https://doi.org/10.18632/oncotarget.12700
https://doi.org/10.1167/iovs.16-19153
https://doi.org/10.1167/iovs.16-19153
https://doi.org/10.1007/s11064-018-2482-2
https://doi.org/10.4274/tjo.galenos.2018.10734
https://doi.org/10.1097/IAE.0000000000002279
https://doi.org/10.1093/hmg/ddw045
https://doi.org/10.1093/hmg/ddw045
https://doi.org/10.1038/sj.eye.6701565
https://doi.org/10.1167/iovs.15-17876
https://doi.org/10.1016/j.bbrc.2014.08.009
https://doi.org/10.1089/jop.2012.0198
https://doi.org/10.1016/j.cbi.2019.01.018
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref310
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref310
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref310
https://doi.org/10.1167/iovs.10-6294
https://doi.org/10.1167/iovs.10-6294
https://doi.org/10.3109/02713683.2013.800889
https://doi.org/10.3390/ijms17030327
https://doi.org/10.1016/j.neuint.2015.07.011
https://doi.org/10.1055/s-0028-1088368
https://doi.org/10.1055/s-0028-1088368
https://doi.org/10.1016/j.lfs.2018.06.010
https://doi.org/10.1016/j.lfs.2018.06.010
https://doi.org/10.3892/ijmm.2016.2714
https://doi.org/10.3892/ijmm.2016.2714
https://doi.org/10.3892/ijmm.2018.3623
https://doi.org/10.1007/s12640-021-00426-x
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref320
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref320
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref320
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref321
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref321
http://refhub.elsevier.com/S1568-1637(22)00014-9/sbref321
https://doi.org/10.1016/j.biopha.2020.111119

	Restoring the oxidative balance in age-related diseases – An approach in glaucoma
	1 Oxidative balance in ageing and glaucoma
	1.1 Physiological reactive oxygen species production
	1.2 Mitochondrial function in the eye
	1.3 Balancing reactive oxygen species and antioxidants

	2 Mechanisms of oxidative damage in ageing and glaucoma
	2.1 Evidence for oxidative stress and mitochondrial dysfunction
	2.2 Mechanism of retinal ganglion cell injury in glaucoma
	2.3 Effects of oxidative stress on retinal ganglion cells
	2.4 Role of neurotrophins in mitigating oxidative stress induced retinal ganglion cell injury in glaucoma
	2.5 Downstream pathways of oxidative stress

	3 Neuroprotective strategies to modulate oxidative stress
	3.1 Botanical derived antioxidant strategies
	3.2 Mechanisms of antioxidant strategy for glaucoma
	3.3 Effective systemic delivery of exogenous antioxidants
	3.4 Approaches for effective antioxidant delivery for glaucoma

	4 Conclusions
	CRediT authorship contribution statement
	Conflict of interest
	Acknowledgements
	References


