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Abstract

Introduction: The disease process of glaucoma is thought to begin up to twenty years before a
diagnosis can be made. While its current treatment paradigm seeks to reduce the rate of disease
progression through reducing intraocular pressure, these interventions are of limited effectiveness and
are typically made late. Together, this highlights an unmet clinical need for development of novel
techniques to facilitate the early diagnosis of glaucoma and the emergence of new treatment
paradigms. This review provides a summary of recent developments in the early diagnosis and

treatment of glaucoma, including updates on natural neuroprotective compounds.

Areas covered: A systematic review of the glaucoma literature was conducted including the keywords
retinal ganglion cell apoptosis, neuroprotection, resveratrol, curcumin, adaptive optics, and detection

of apoptosing retinal cells (DARC).

Expert commentary: While a growing number of pre-clinical studies have reported efficacy of
neuroprotective interventions for the treatment of glaucoma, these technologies have not yet translated
into clinical use. A likely explanation for this phenomenon is the relatively late stage at which
glaucoma is currently diagnosed in patients. The development of techniques to diagnose glaucoma
earlier in the disease process would enable the earlier administration of neuroprotective interventions

which could slow glaucoma-associated vision loss.
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1. Introduction

Glaucoma is one of the leading causes of irreversible blindness, affecting more than 60 million people
globally (1). Owing to an aging global population, the prevalence of this condition is increasing with
over 111 million cases of glaucoma expected by 2040 (2). Glaucoma is a progressive optic neuropathy
characterised by excavation (“cupping”) of the optic nerve head, leading to progressive visual field loss
(3). As described by Casson et al. (4) it is a condition of multifactorial aetiology, diagnosed by observing
a “constellation” of clinical features including deformation of the lamina cribrosa associated with axonal
compression. Whilst central visual acuity is initially spared, corresponding anatomical and functional

nerve-fibre-bundle pattern visual field loss can be detected as the disease progresses.

Glaucoma is subdivided into open-angle and angle-closure, which refers to the iridocorneal angle
through which aqueous humour is drained from the eye (3). Both open-angle and angle-closure
glaucoma can be further subdivided into primary and secondary subtypes. Primary glaucoma refers to
optic nerve head changes in the absence of secondary causes such as inflammation, trauma,
neovascularisation or pseudoexfoliation. Primary open-angle glaucoma is subdivided into disease in
association with raised intraocular pressure (I0OP), or with an apparently normal IOP (normal-tension
glaucoma, NTG) (3). The upper limit for “normal” 10P in this instance is defined as greater 0P being
in than the 97.5th percentile of the general population (21 mmHg) (Figure 1) (4).

It is important to recognise that raised IOP does not always lead to glaucomatous damage (a condition
termed ocular hypertension (OHT) (4)), and a subset of glaucoma patients with apparently normal IOP
do experience accelerated glaucomatous changes (NTG) (3). This suggests that mechanisms
independent of elevated IOP may contribute to the glaucomatous disease process (5). IOP-independent
risk factors for glaucoma include age, ethnicity (mainly African) gender (male), a family history, and
lower systolic blood pressure (6). Furthermore, some studies suggest that a low CSF pressure may be
associated with the development of glaucomatous optic nerve damage. This trend has been observed
both in animals and patients with NTG who were found to have higher translaminar cribrosa pressure

compared to healthy individuals (7-9).

Retinal ganglion cell (RGC) loss is the pathological hallmark of glaucoma. RGCs convey visual
information from the retina to the brain. These are the first type of cells being affected before the
activation of microglia (10). The human retina contains 1.5 million RGCs (5) of which 0.4% are
estimated to be lost per year due to the normal ageing process (11,12). Patients with glaucoma are

reported to exhibit an accelerated loss of RGCs at an average rate of 4% per year (13-15).
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While the underlying causes of RGC loss in glaucoma remain to be elucidated, in cases of raised 10P,
compression of the axonal nerve fibres and axonal transport impairment are thought to be at least partly
responsible for increased rates of RGC apoptosis (16). In the absence of raised IOP, however, additional
factors including low ocular blood flow, mitochondrial dysfunction, oxidative stress, inflammation,
glutamate excitotoxicity, heat shock proteins and amyloidogenesis are thought to play a role in
neurodegenerative processes underpinning the glaucoma disease process (5,17-20).

2. Diagnosis: Central nervous system plasticity, a double-edged sword

The diagnosis of glaucoma is presently achieved using a range of techniques that assess existing
structural and functional damage in the optic nerve head and retina. Structural information relevant to
glaucoma can be gained through slit-lamp examination and imaging of the optic nerve and retina.
Accompanying functional assessments are made with perimetry (21). At present, perimetry can only be
used to identify a visual field defect when 40-50% of the RGC population has been lost (22). This delay
is due to the ability of the brain and retina to compensate for injury, termed plasticity which can mask
considerable retinal damage from diagnostic techniques designed to assess retinal function (23).
Although the ability to mask damage has evolutionary advantages and plays a major role in the
rehabilitation process post-stroke or trauma (24-26), there is a point beyond which compensatory
mechanisms are overwhelmed, continued RGC loss beyond this point is responsible for the rapid and

irreversible visual decline associated with glaucoma.

Existing diagnostic techniques for glaucoma appear to share a common flaw whereby their sensitivity
to the detection of disease typically increases only as the condition progresses (21). This is problematic
as these techniques are less sensitive in the early stages of glaucoma, when therapeutic interventions
have the greatest likelihood of modifying clinical outcomes (Figure 2). As current therapies including
both existing IOP modulating and emerging neuroprotective therapies are thought to act by reducing the
rate of further RGC loss and cannot restore lost function, there is an unmet clinical need for techniques

to diagnose glaucoma earlier in the disease process.

3. Glaucoma therapies to prevent RGC loss: Too little, too late?

Current therapies for primary open-angle glaucoma aim to slow further disease progression by lowering
IOP via topical administration of eye drops (27). The American Academy of Ophthalmology and the

European Glaucoma Society recommend reducing IOP by 20% to 30% from baseline (27,28) using one
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of five classes of IOP modulating therapies: prostaglandin analogues, beta-blockers, anhydrase carbonic
inhibitor, alpha-adrenergic agonists and cholinergic agonists (27). Further evidence for the effectiveness
of IOP control for reducing the risk of developing glaucoma is reported by the ocular hypertension study,
which found that patients with OHT and without any clinical sign of optic nerve damage (neither on a
slit lamp examination nor a visual field assessment) who received IOP lowering therapies, reduced their
risk of developing glaucoma by almost 50% after 5 years of follow-up compared to OHT patients who
received no therapies (4.4% vs 9.5% respectively) (29).

First line treatment regimens for IOP modulation most commonly comprise prostaglandin monotherapy.
Prostaglandin analogues are the most efficient in decreasing the 10OP (25 to 35%) (30) by reducing the

resistance outflow to agueous humour and increasing its uveoscleral passage over a 24 hour period (27).

growth-ofeyelashes. If prostaglandin analogues are not tolerated, beta-blockers are the next treatment
to be started (31)(32). They inhibit production of aqueous humour by the ciliary body resulting in an

IOP decrease (32), which is less pronounced than prostaglandin analogues as they do not act during the

If monotherapy with one of the above treatments is not enough to decrease the 10P, another version of

the same class is tried (27). Then if it is still not decreasing the 10P properly, it is either replaced or used
in combination with a carbonic anhydrase inhibitor or alpha-agonist (32). Carbenic-anhydrase-inhibitors

While controlling elevated IOP using these therapies can slow the progression of glaucoma, this

approach does not work in all cases. Despite having well-controlled IOP, some patients continue to lose
vision (34) (Figure 3). For this reason, alternative treatment paradigms to IOP modulation have been

sought, providing neuroprotection of RGCs from apoptosis and degeneration.
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4. Emerging techniques for the early diagnosis of glaucoma

a. Detection of RGC loss

As previously discussed, early diagnosis of glaucoma will allow earlier therapeutic intervention with
the aim of protecting a higher proportion of RGCs and so preserving patient vision for the greatest time
(Figure 2). Prior to the appearance of visual field defects (‘pre-perimetric glaucoma’) objective
monitoring is assisted by OCT imaging which has recently been shown to be predictive of visual field
defects (35). However, the detection of significant RNFL thinning typically requires the death of a large
number of RGCs (36). In addition, inflammation can cause thickening of the retina which may mask
aspects of neurodegenerative decline (37). Another modality, the pattern electroretinogram (PERG)
which measures the electrical activity of RGCs can detect their defect earlier (38). A longitudinal study
with a follow-up over 10 years showed earlier signs of glaucoma 4 years before its diagnosis by
conventional techniques (39). However, it is worth mentioning that PERG was completely normal
beforehand and at 4 years it was pathological and saturated making it unsuitable for monitoring the
severity of the disease (39). To overcome these limitations, a paradigm shift in glaucoma diagnosis is
required whereby instead of attempting to detect deviations from the normal state, we could instead
develop techniques for the visualisation of RGC loss process itself. Such an approach is effectively
obtained by examining the number of RGCs lost during each year from the graphs presented in Figure
2B. The resulting graphs presented in Figure 3C & D illustrate that, assuming the rate of RGC loss is
constant, such an approach would result in a diagnostic technique that is most sensitive at the earliest
stages of the disease process, even if the transition between normal and glaucomatous disease state is

not instantaneous.

As RGC loss in glaucoma is thought to occur predominantly through the process of apoptosis, a number
of techniques have been developed for the visualisation of apoptotic RGCs in the retina using a confocal
scanning laser ophthalmoscope (cSLO) in conjunction with a fluorescently conjugated apoptosis
marker. One such technique is DARC (Detection of Apoptosing Retinal Cells). DARC uses
fluorescently-labelled annexin V which selectively binds to cells undergoing apoptosis by binding
phosphatidylserine exposed on the plasma membrane of cells in the early stages of apoptosis (40). The
visualisation of the fluorescent-labelled annexin V was initially achieved in animal models with cSLO
using an argon laser of 488 nm to excite the fluorophore bound to annexin V, and a photodetector to
detect the fluorescent-emitted light (41) with a 521 nm blocking filter applied (41). DARC has recently
completed a first in man clinical trial with a new annexin-bound fluorophore injected intravenously,
using an excitation wavelength of 786 nm and an 800 nm barrier filter which enables the use of an
indocyanine green (ICG) imaging set-up, currently in widespread use to image the choroidal circulation
(42).
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DARC has been extensively used as a biomarker in experimental glaucoma models and has been used
to assess neurodegeneration and the efficacy of neuroprotective interventions in a number of central
nervous system (CNS) disorders (41). Glutamate modulation treatments used in a staurosporine
glaucoma model and in a chronic OHT model have been shown to decrease the DARC count (number
of apoptosing RGCs seen) (43). DARC was also used to assess the efficacy of amyloid-p antibody
(Apab) in the chronic OHT rat model and showed fewer apoptosing RGCs when rats were treated with
APab compared to controls (20). In another glaucoma model, the partial optic nerve transection in rat,
the neuroprotective effect of Schwann cell delivery (direct application to injured optic nerve sheath) was
shown using DARC (44). DARC has also been used to assess the effect of rosiglitazone in a rotenone-
induced Parkinson’s disease model and showed a reduced DARC count in the rosiglitazone-treated
group compared to control, suggesting rosiglitazone may be neuroprotective in Parkinson’s disease (37).
All these promising results using DARC demonstrate its flexible application in assessing the efficacy of

neuroprotective treatments.

After these encouraging results on animal models, the DARC phase | clinical trial published in 2017
showed that Annexin V is safe with good tolerability after intravenous administration (42). The number
of apoptosing retinal cells, the so-called DARC count, was found to be significantly increased in patients
with glaucoma with the greatest DARC counts correlating with rates of future disease progression
assessed using conventional techniques (42). Some of the limitations of this study include the low
number of participants per group and the absence of a non-target fluorescent tag to prove that the
fluorescent signal is specific. Further analysis of larger numbers of images are required to fully
characterise the frequency and distribution of spots in certain diseases versus healthy controls in order
to justify the use of DARC as a diagnostic or prognostic tool in humans. There are also improvements
to be made in exploring alternative routes of administration thus making the technique quicker to
administer and more acceptable to patients. Despite these limitations, these preliminary results are
exciting but more clinical studies are needed. Building on this, a phase Il clinical trial of DARC is
presently in progress studying further glaucoma patients versus healthy controls. Additionally, cohorts
of optic neuritis and macular degeneration patients have been included, as well as Down Syndrome
subjects (subject to strict ethical scrutiny) who are at increased risk of premature pathological changes
of Alzheimer’s disease (45).

Alternative methods for the visualisation of apoptotic RGCs include TCapQ, a caspase recognition
sequence conjugated to a cell-penetrating TAT-peptide, fluorophore and quencher. TCapQ is ordinarily
non-fluorescent but is activated by the presence of cytoplasmic caspase 3 and 7, present in apoptotic

cells.(46,47) To date, however, this technology remains in preclinical development.
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b. Towards the label-free visualisation of RGCs

Owing to their optically transparent nature, RGCs are practically invisible to optical systems.(48) Recent
advances in adaptive optics (AO) systems, however, are beginning to bring these elusive cells into focus
for the first time under label-free conditions.(49) The first AO system was presented in the 1997 and
can now be used with OCT or cSLO to increase the resolution for single cell visualisation. AO is formed
of two main parts: a wavefront sensor and a wavefront corrector. The wavefront sensor measures the
refractive abnormalities caused by the cornea and the lens. The wavefront corrector, formed by a
deformable mirror, corrects these abnormalities resulting in a high-resolution retinal image (50).
AOSLO is now able to image single photoreceptors in the central fovea (51), and there is promising
clinical evidence to suggest this technique can also be used to image individual RGCs.(49) Although
AOSLO is showing promise at visualising cell populations approaching the single cell resolution in a
label-free manner, the limited field of view and extensive post-image acquisition processing time

presently limits the clinical utility of these technologies.

5. Neuroprotection — A series of overlapping pathways

According to the European Glaucoma Society guidelines, the process of neuroprotection describes “a
therapeutic approach aiming to directly prevent or significantly hinder neuronal cell damage
independently of IOP modulation” (27). To date, a range of neuroprotective therapies for the treatment
of glaucoma have been described, predominantly derived from preclinical disease models; but none
have yet successfully translated into clinical practice. The remainder of this review will outline recent
advances in the development of neuroprotective therapies for the treatment of glaucoma and their

potential mechanisms of action.

a. Targeting glutamate excitotoxicity

Glutamate is the most common neurotransmitter of the CNS (52) and plays a key role in transmitting
the action potential from the presynaptic neuron to the postsynaptic neuron through the activation of N-
methyl-D-aspartate (NMDA\) receptors localised in the synaptic cleft. Implicated in a number of CNS
disorders including Glaucoma, (53) Alzheimer’s Disease (AD), (54) Traumatic Brain Injury (55) and
Stroke (56); excessive extracellular glutamate accumulation is reported to occur as a result of neuronal
injury, leading to overstimulation of NMDA receptors. In turn this leads to an increase of intracellular
calcium, which stimulates mitochondrial bioenergetics failure through opening of the permeability
transition pore, increased production of reactive oxygen species (ROS), cytochrome c release and

ultimately apoptosis induction (57,58).
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Memantine is an NMDA-receptor antagonist currently used as a treatment of moderate to late-stage AD
and may reduce the rate of dementia progression in some cases (59,60). In a preclinical study where
rodents received intravitreal glutamate to mimic excitotoxic environment for three months,
intraperitoneal administered memantine showed promise as a neuroprotective agent (61). Despite this
early promise, orally administered memantine was later found not to significantly preserve visual
function when compared to placebo in a pair of large randomised double-masked placebo-controlled
Phase 111 clinical trials enrolling 2298 patients in total (62,63). The studies were 4 years in length,
conducted in parallel 1 year apart, and reported to cost in excess of $80 million. Using standard
automated perimetry (SAP) and frequency doubling technology (FDT) perimetry as primary endpoints
for the first and second studies respectively, no significant benefit of memantine over placebo was found
(63).

Several factors in this trial were potentially counter-productive in harnessing any neuroprotective
potential of memantine. As a result of the selection criteria, patients were generally in the more
advanced stages of disease. Two of the possible inclusion criteria (of which two had to be met if not
selected on the basis of a disc haemorrhage in the previous 12 months) were a visual field of -10dB or
worse, or cup-to-disc ratio (CDR) of greater than 0.8. This resulted in a mean CDR of 0.8 (sd=0.11)
amongst the study population. Given that around 28% of RGCs are thought to be lost when the earliest
visual field defects appear (64), it is likely that the cohort of patients in this trial had undergone
significant neuronal damage and possible secondary degeneration, a phenomenon suggested to play a
role in glaucomatous degeneration (44,65). Furthermore, if we are to believe RGCs continue to function
in a state that is less resistant to secondary insults (66), the remaining RGCs may also be less amenable
to rescue. As a product of the lack of specific glaucoma biomarkers, exclusion of any patients with
concomitant neurodegenerative retinal pathology that may have interfered with visual field tests (i.e.
age-related macular degeneration) may have excluded those who stood to benefit most. Similarly for
the safety analysis, exclusion of any patients who suffered with previous dizziness (in the past week)

could have eliminated those most vulnerable to side effects of memantine.

Secondly, it is questionable as to whether the biomarkers used in the study were sensitive enough to
detect meaningful changes in visual function. Indeed, the patients that were confirmed as progressing
had to discontinue the drug, preventing retrospective analysis of rates of disease progression whilst
taking memantine. As we know from longitudinal visual field studies, rates of disease progression
between patients varies significantly (67), with certain disease phenotypes also pooled in the study, such
as pseudoexfoliation glaucoma, carrying higher risk of progression (68). The binary outcome of
“progressing” or “not progressing” is therefore likely to be over-simplistic. The primary outcomes used
6-monthly visual field testing however, it has been estimated that SAP should be performed in 4-

monthly intervals for 2 years in order to reliably detect a -4dB change in visual field (69) regardless of
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reliability indices, also not reported in the study results. Most notably, the added sensitivity for early
detection of progression from OCT imaging and progression analysis (35) were not available to analyse
any neuroprotective effects on rate of disease progression.

Any confounding that may have influenced results is likely to be related to intraocular pressure. It is
universally accepted that lowering intraocular pressure reduces rates of glaucomatous progression
(70,71). However, in this study several factors were uncontrolled either due to design or presumed
ethical reasons. Primarily, the eye drop regimen was left to the discretion of the investigator, without a
standardised regimen stated. Not only could I0OP and its treatment have varied significantly between
groups, but additional neuroprotective benefits may have also been gained by certain patients, as
proposed to be the case with brimonidine (72). Secondly, for the post-hoc analyses where a significant
difference was found in FDT perimetry progression between 20 mg and placebo in “non-NTG” patients,
NTG was not defined but only taken forwards from previous diagnoses, possibly concentrating any
confounding effect in this cohort. Thirdly, patients on anti-hypertensives were positively selected via
the inclusion criteria as a “high risk” factor, although the nature of this treat was not monitored.
However, the interaction between systemic blood pressure, intraocular perfusion pressure and systemic
anti-hypertensives is complex (73,74). There is evidence to suggest several anti-hypertensives may
affect IOP (75), blunt the efficacy of topical therapies with a similar mode of action to lower it (76), and

conversely suggested to lower the requirement for topical therapy in the general population (77).

Moving forwards from this trial, we are hopefully in a better position to study novel neuroprotective
agents, whether this is memantine or newer investigative agents. By sophisticating the prospective
adaptive trial design and using rate of progression on OCT as a surrogate marker for disease progression,
we may have increased sensitivity with which to discover small, as yet undiscovered, but clinically

important treatment effects.

In an attempt to resolve one of these potential issues, our group recently reported efficacy of a topical
formulation of memantine-loaded PEGylated biodegradable nanoparticles in a preclinical rodent

glaucoma model, suggesting this route of delivery may be more effective than oral administration (78).

Patients with AD have an increased rate of glaucoma (25.9% versus 5.2% for matched controls) (79).
Although this observation is controversial, it is supported by data showing glaucoma patients have more
frequently the AD associated allele epsilon 4 (80)(81) and it has led to the postulation that common
mechanisms may underpin glaucoma and other neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease.(82) One such mechanisms is autophagy dysregulation. Beclin-1 is a protein
involved in promoting autophagy, with reduction of beclin-1 impairing autophagy and leading to RGC

apoptosis (83,84). Russo et al. reported that high IOP leading to retinal ischemia increased the cleavage
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of beclin-1, a process inhibited by NMDA antagonists (84). These both suggest the importance of
autophagy in preventing RGC death, and the potential role of NMDA antagonists such as memantine in
the treatment of neurodegenerative diseases.

b. Brimonidine — An IOP-independent modulation effect

Brimonidine is an alpha-agonist used in glaucoma as an IOP-lowering therapy, however some studies
suggest it may also have an IOP-independent neuroprotective effect. In addition to protecting rats with
high I0P from axonal degeneration, (85) brimonidine was also protective against oxidative stress in rats
by inhibiting the upregulation of NMDA receptors (86). Another preclinical study has shown
brimonidine protects RGCs by reducing amyloid-p production and stimulating the non-amyloidogenic
pathway (87). The neuroprotective efficacy of brimonidine in humans was assessed in the Low-Pressure
Glaucoma Treatment Study (LoGTS) published in 2011 (72). It was a randomised, double-masked,
multicentre trial comparing the efficacy of brimonidine and timolol in “low-pressure” glaucoma,
sometimes interchangeably termed “normal-tension” glaucoma. Enrolled subjects diagnosed with low-
pressure glaucoma had an untreated IOP of <21mmHg, with a glaucomatous visual field defect in at
least one eye that corresponded to the appearance of the optic nerve head. 178 subjects were randomised
in a 4:3 ratio between twice-daily brimonidine 0.2% and timolol 0.5% to allow for an expected higher
adverse events rate of 20% in the former, causing greater attrition. The primary outcome measure was
visual field progression as detected by pointwise linear regression. The results showed a dramatic
difference in the rates of progression, with 39.2% progressing in the timolol group versus 9.1% in the
brimonidine group (p=0.001). The IOP-lowering effect was observed to be similar between groups at

all timepoints.

This dramatic effect could be interpreted as superiority of brimonidine via IOP-independent
neuroprotective mechanisms, similar to those that have been observed with systemic administration in
animal models (88-90). However, there are certain characteristics of the trial that must be examined
carefully that could invalidate this conclusion. Primarily, there was a significantly higher drop-out rate
in the brimonidine group due to drug-related adverse events (28.3%) compared to the timolol group
(11.4%) (p=0.008) which could have masked a subset of patients in the brimonidine group with
progressive disease. Whether progressing patients could have been systematically removed from the
cohort is an additional possibility, however no association between ocular allergy and progressive
disease has been proven, or indeed between the lack of ocular allergy and a neuroprotective effect. The
more severe local side-effect profile of brimonidine (e.g. stinging and hyperaemia) compared to timolol
may have systematically removed the patients more prone to non-adherence in this treatment cohort.
Secondly, the IOP lowering target of 20% was only seen in 44% of the brimonidine group and 39% in

the timolol group which may suggest poor compliance with drops. Other hypotheses behind the observed

10
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effects that might be considered are differences in the effect on diurnal variation, and a possible
deleterious effect from timolol on the optic nerve in relation to its local or systemic vasoregulatory
effects (91). The neuroprotective effect of brimonidine is therefore still yet to be proven in clinical
practice.

c. Coenzyme Q10

Coenzyme Q10 (CoQ10) is a mitochondrial-targeting antioxidant which is important for the normal
function of the electron transport chain. Our group reported that topical CoQ10 protected RGCs in an
OHT rodent glaucoma model, when formulated with a vitamin E derivative (92). These findings were
supported by a second study which suggested that topical CoQ10 protected RGC apoptosis by reducing
extracellular glutamate levels in an IOP-induced transient ischemia rat model (93). Lee et al. reported
that CoQ10 diet supplementation in an experimental mouse glaucoma model protected them from RGC
loss by both reduction of glutamate excitotoxicity via the blocking of upregulation of NMDA receptors,
and reduction of oxidative stress-mediated mitochondrial alteration through preservation of
mitochondrial DNA and its expression (94). A clinical study which enrolled 43 open-angle glaucoma
patients treated with a monotherapy of B-blockers showed that CoQ10 and vitamin E topical
administration in 22 patients had a beneficial effect on the inner retinal function by improving the pattern
electroretinogram compared to 21 patients receiving only the -blocker monotherapy (95).

d. Cannabinoids

Cannabinoids represent another class of molecule which have potential neuroprotective actions via the
inhibition of glutamate release, in addition to their ability to decrease IOP (96-98). The inhibition of the
fatty acid amine hydrolase which is responsible for cannabinoid degradation, increases RGC survival
rate after axotomy in rats compared to controls by activation of the cannabinoid receptor (CB;) (99).
Likewise, some studies suggest that the inhibition of CB; or knockout mice for CB; are more prone to
inflammation and excitotoxic stimuli resulting in an increase of neurodegeneration in a multiple

sclerosis animal model (100).

e. Neurotrophic factors

Neurotrophic factors such as brain derived neurotrophic factor (BDNF), nerve growth factor (NGF),
ciliary neurotrophic factor (CNTF) and transforming growth factor beta (TGF-f) also play a role in
neuroprotection. BDNF is produced by neurons, undergoing both anterograde and retrograde transport
and disruption of these transport processes can lead to neuronal apoptosis (101). Intravitreal injection of
BDNF in rodent and feline optic nerve injury (crush and transection) models protected RGCs from
apoptosis (102,103). In contrast, BDNF treatment alone was found not to be effective in OHT model

(104), instead a combination of BDNF with a free radical scavenger (N-tert-butyl-(2-sulfophenyal)-

11
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nitrone) was required to elicit RGC protection (104). Building on this discovery, combining BDNF with
N-o-nitro-L-arginine-methylester (L-NAME) was found to amplify the protective effects of BDNF in
an optic nerve transection model (105). In this model, L-NAME was found to inhibit nitric oxide
synthase (NOS) release which was stimulated by BDNF administration. Further evidences suggesting a
deprivation of RGCs in neurotrophic factors were shown by a decrease of RGC apoptosis in animal
models of disease which were treated by NGF or CNTF (5). In another model of retinal degeneration
induced by intravitreal injection of AB42 oligomers, intravitreal injection of TGF-f1 was able to
decrease the pro-apoptotic factor BAX suggesting a potential neuroprotective role for TGF-f3 (106,107).
However, the neuroprotective role of TGF- is controversial in glaucoma as many studies suggest that
it increases IOP by stimulating the scarring process in the trabecular meshwork and targeting TGF-$
pathways might be neuroprotective (108,109).

f. Natural neuroprotective compounds

Resveratrol is a naturally occurring non-flavonoid polyphenol found in red wine and dark chocolate.
First extracted from the Veratrum album L. var grandiflorum in 1939 by Takaoka (110) and-—its

identificationinthe skin-of grapeswas-achievedin-1976. Plants produce resveratrol in response to stress,

fungal infection or UV exposure because it is able to protect the genome from mutations (111,112). #

acids—Resveratrol has antioxidant, anti-inflammatory and anti-apoptotic properties which have been
proposed as useful in the treatment of glaucoma. In order to protect against oxidative stress and
inflammation, resveratrol scavenges free radicals (113) but also upregulates heme oxygenase-1 (HO-1),
a molecule known to protect against glutamate excitotoxicity (114). Resveratrol can also decrease the
expression of quinone reductase 2 (QR2) which increases ROS production and might play a role in
neurodegenerative diseases (115). Resveratrol directly decreases inflammation by inhibiting
cyclooxygenase 1 (COX-1), interleukin-8 (IL-8), prostaglandins and leukotrienes (116), in addition to
blocking the release of cytokines and other inflammatory mediators from mast cells, macrophages and
neutrophils (116). Microglial cells that release pro-inflammatory molecules such as tumour necrosis
factor-a (TNF-a) and interleukin-1p (IL-1p) are also inhibited by resveratrol via the activation of sirtuin
1 (SIRT1) pathway (117). Lastly, the anti-apoptotic effect of resveratrol is thought to be due to its
inhibitory effect on cytochrome ¢ and mitochondrial apoptosis-inducing factor (AIF) release along with

an increase of the expression of anti-apoptotic gene such as B-cell lymphoma 2 (Bcl-2) (118).
Resveratrol has been assessed in in vitro and in vivo studies using glaucoma models. Coralia et al.

reported that trabecular meshwork cells exposed to oxidative stress (40% oxygen) and co-treated with

resveratrol had a decrease of ROS production and inflammatory markers (IL-1a, IL-6, IL-8, and

12
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endothelial-cell leukocyte adhesion molecule-1 (ELAM-1)), resulting in less apoptosis (119). Rat
glaucoma models treated with intraperitoneal resveratrol or in combination with riluzole had less RGC
apoptosis (120), with RGC loss reduced more by a combination of these two drugs compared to their
individual effect. Importantly, treatment earlier in the disease course in these models showed greater
protection against RGC loss (120). Mice with optic nerve crush and treated with a one year diet of
resveratrol were also protected from RGC apoptosis, mainly due to a higher expression of cytoplasmic
binding immunoglobulin protein (BiP), nuclear C/EBP homologous protein (CHOP) and nuclear X-
box-binding protein 1 (XBP-1) compared to controls (121). Resveratrol can also modulate IOP as shown
by Razali et al. In this study, steroid-induced ocular hypertension mice were treated with resveratrol to
decrease eye pressure, mediated by A; adenosine receptor (A1AR) (122).

Despite in vitro and in vivo studies showing a neuroprotective effect of resveratrol, this effect has not
been conclusively demonstrated in clinical trials (123,124). This may be due to its very low
bioavailability (125) owing to its hydrophobic nature, that results in low blood concentrations after oral
or intravenous administration. Pharmacokinetic studies in vivo have shown that a dose of 0.2 mg injected
intravenously results in a plasma concentration of a few nanograms (126). In order to overcome this low
concentration, several groups attempted to develop formulations of resveratrol but with limited success
regarding its stability and the concentration encapsulated (127). For example, Yang et al. have
encapsulated resveratrol up to 6 mg/mL with a good stability over 3 months but it uses ethanol as
cosurfactant (128). Resveratrol has also been formulated in bile acids with a critical micellar

concentration of 2 mM (129).

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is another promising
natural polyphenol found in the turmeric plant, Curcuma longa (130). The medicinal properties of
Curcuma longa have been known for thousands of years, hence its use in Asian countries as a herbal
medicine. This is due to its antioxidant, anti-inflammatory and anti-apoptotic properties (130). The
curcumin molecule contributing to these properties was described in 1815. Thanks to these properties,
curcumin has potential to treat neurodegenerative diseases such as glaucoma. However, its exceptionally
low solubility in water (11 ng/mL) (131) results in low bioavailability (132) that may contribute to the

poor clinical translation of curcumin therapies to the clinic (133).

Curcumin’s major effects are due to its antioxidant and anti-inflammatory properties. It can directly
scavenge ROS (134) and inhibit NOS (135), but also indirectly upregulate other antioxidant molecules
such as superoxide dismutase (SOD) (136) and HO-1 (137) by activating the nuclear factor erythroid 2—
related factor 2 (Nrf2) (138-140). To decrease inflammatory molecules, curcumin inhibits
cyclooxygenase (141) but also upregulates the peroxisome proliferator-activated receptor-y (PPAR-y)

(142) or inhibit transcription factors such as the nuclear factor kappa-light-chain-enhancer of activated
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B cells (NF)-kB which is responsible for the increase of TNF-0, a major inflammatory molecule
(134,143). Anti-apoptotic effect is elicited by the inhibition of TGF-$ and caspase-3 (144) along with a
down regulation of BAX and an upregulation of BCL-2. In addition, curcumin is also able to inhibit
apoptosis induced by Fas and its ligand (FasL) (145) along with necroptosis by inhibiting receptor-
interacting protein (RIP) kinases (146).

These effects have been assessed in in vitro and in vivo models of neurodegenerative diseases. Davis et
al. reported that curcumin protects against glutamate excitotoxicity in vitro, and that twice daily eye
drops can protect from RGC loss in OHT and partial optic nerve transection rat models, observing
decreased RGC loss compared to controls (147). In an in vitro study of age-related macular degeneration
(AMD), curcumin protected human retinal pigment epithelial cells exposed to hydrogen peroxide
(H202)-induced oxidative stress. Interestingly, curcumin concentration needed to decrease ROS
production was 100 times lower than the concentration needed to increase cell viability (134). In another
in vitro study, necroptosis induced in primary cortical neurons was inhibited when neurons were treated
with curcumin and this effect correlated with an inhibition of RIP kinases (148). In another study, pre-
treatment of curcumin in the ocular hypertension model was correlated with an increase of BV-2
microglia (149). In another animal model, staurosporine-induced ganglion cell death was decreased by
curcumin (150). Additionally, curcumin increased RGC viability in an ischemia/reperfusion model
induced by elevating the IOP in rats (151).

Despite these promising effects, few clinical trials using curcumin have been successful. This has led
some authors to postulate that continued research into the therapeutic use of curcumin are unlikely to
successfully translate to the clinic.(133). As with many of the aforementioned therapies discussed in
this review, the low bioavailability of curcumin likely contributes to its poor clinical translation. This
has led many researchers to turn to nanotechnology approaches to enhance bioavailability (152). For
example, Davis et al. recently reported that curcumin can be solubilised to concentrations of 4.7 mg/mL
using well-characterised excipients with an encapsulation efficiency greater than 95% and stability over
3 months and efficacy in two preclinical rodent models of glaucoma (147). Diabec®, another
nanoparticle formulation made of polyvinylpyrrolidone reached the retina with a maximal concentration
of 36 pg/mg at 6 hours after the administration of two capsules (quantity of curcumin not given) in
rabbits whereas unconjugated curcumin was not detectable (134). Likewise, Longvida®, a solid lipid
nanoparticle formulation of curcumin, was found to have an enhanced bioavailability of 22.43 ng/mL
after administration of 650 mg to patients whereas the same quantity of unformulated curcumin
administered by the same route was undetectable in the blood (153). Finally, the longest (18 months)
double-blind placebo controlled clinical trial of a nanoparticle formulation (Theracurmin®, 90 mg taken
twice a day) showed benefits in patients without dementia (154). Trial endpoints were
neuropsychological tests at 6, 12 and 18 months (n=40) along with 2-(1-{6-[(2-[F-
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18]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile positron emission tomography
(FDDNP-PET) to detect plaques and tangles in vivo (n=30). The trial showed a significant difference
between curcumin and placebo group at 18 months regarding the improvement of neuropsychological
tests for the curcumin group and FDDNP-PET with a decrease of hypothalamic binding between 0 and
18 months for the curcumin group and an increase of binding in the same region for the placebo group.
These promising results might be explained by the use of a nanoparticle formulation to increase the
bioavailability (26.2 ng/mL at 18 months) of curcumin but also the enrolment of non-demented patients.
As the physiopathologic process of Alzheimer’s disease is known to start decades before symptoms
(155), targeting the disease before we can diagnose it might limit or delay the disease highlighting the
unmet need for diagnostic tools to detect it earlier. However, these results need to be taken cautiously
due to the sample size and the ability of curcumin to bind to Ap (156) which might interact with the
FDDNP-PET (154). Overall these exciting findings suggest a very powerful role of curcumin in the
treatment of neurodegenerative conditions but further preclinical studies along with clinical trials are

needed.

6. Conclusions

For decades neuroprotective compounds have been in research and have shown some efficacy in
preclinical studies but none have yet to successfully translated to the clinic for the treatment of
glaucoma. While some authors are beginning to postulate that this may be due to an inherent failure in
the types of molecules currently under investigation. We postulate that it is the low bioavailability of
many of these drug candidates owing to their poor solubility, that may limit clinical efficacy. There is
emerging evidence to suggest that nanotechnology based formulation of promising neuroprotective
therapies can be used to enhance bioavailability and overcome this problem. Finally, efficacy in many
preclinical animal studies involves administration of drugs at early stages of the disease process,
something not currently possible in patients. This challenge could be met with the development of new

and emerging techniques for the presymptomatic diagnosis of glaucoma.

7. Expert opinion

Current glaucoma treatments seek to slow the rate of neurodegeneration by targeting intraocular pressure
without addressing the underlying cellular processes involved in RGC loss. In the clinic, we are hindered
by our current inability to detect glaucoma at the start of the physiopathologic process when

neuroprotective interventions may have the most potential. Further innovative research is therefore
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needed to develop imaging methods in order to detect RGC loss before significant changes to the retinal
architecture occur, and the first visual field defects manifest. The ability to diagnose glaucoma earlier
will help decrease the burden of this disease if combined with IOP-lowering and neuroprotective

treatments.

To date, treatments targeting the underlying disease process remain elusive but the research of new
biomarkers and the development of techniques for the presymptomatic diagnosis of glaucoma, coupled
with the development of new drug delivery systems and neuroprotective therapies to slow progression
of this condition, have the potential to transform glaucoma from a sight threatening condition to one that
can be effectively managed with early therapeutic interventions. Novel drug delivery systems have the
potential to overcome issues surrounding poor compliance, whilst also improving drug efficacy. Moving
forward, new research focusing on neuroprotection and gene therapy will hopefully result in novel
treatment approaches translating to clinic in the future. Finally, optic nerve regeneration might become

a reality in the next decades, giving new hope to finding a cure for glaucoma.

o

Key-issues

e Glaucoma is a progressive optic neuropathy presently diagnosed between ten and twenty years
after the start of the disease process

e Treatments for glaucoma are exclusively focused on lowering intraocular pressure, which is not
always effective at preserving vision.

e Emerging techniques such as adaptive optic confocal scanning laser ophthalmoscopy or
detection of apoptosing retinal cells (DARC) could improve early diagnosis of glaucoma by
identifying disease specific patterns of retinal cell loss many years before symptoms present.

o Earlier diagnosis will allow earlier treatment, possibly incorporating the novel treatment
paradigm of neuroprotection to complement intraocular pressure modulation.

e Neuroprotective therapies such as resveratrol and curcumin are showing preclinical promise for
glaucoma treatment. Research is currently focusing on the use of nanotechnology to formulate

these therapies to overcome their limited bioavailability which is impeding clinical translation.
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Figure legends

Figure 1. Clinical classification of different types of glaucoma with risk factors for each
condition. IOP : Intraocular pressure

Figure 2. Use of a deterministic decay function to model effects of early intervention with RGC
loss modulating therapies preserves RGC populations. [A] Percentage loss of RGC population in
healthy (0.2%/year), Glaucomatous no therapy (4%/year, beginning at age 50) and Glaucomatous with
treatment (1%/year) illustrating that earlier commencement of therapy (55, 65 and 75 years of age
respectively) can dramatically improve outcomes. [B] Assuming an RGC population of 1.2 million at
age 20, and a constant rate of loss of RGCs derived from Figure 2A, the remaining RGC population
under each condition can be determined. [C] The percentage of remaining RGC population at age 100
as a fraction of the expected RGC population of a healthy individual illustrates that earlier
commencement of the same therapy dramatically improves the remaining RGC population.

Figure 3. Using a deterministic decay function to illustrate that detecting RGC loss processes is a
more effective diagnostic strategy early in the disease process [A] Model of human RGC
population with age in healthy (0.2% RGC loss/year) and glaucomatous (4% RGC loss/year, age 50+).
Red lines indicate an instant transition from 0.2% RGC loss/year to 4% RGC loss per year, Blue lines
indicate a slow transition between phases increasing at a rate of +0.2% RGC loss/year. [B] Percentage
RGC loss at each age [C] Number of RGCs lost per year [D] the average number of RGCs lost during
a 24h period, assuming dying cells are lost over a 24h cycle and the rate of loss is constant with time.
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