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Abstract: Alternative treatment strategies are necessary to reduce the severity of glaucoma, a group
of eye conditions that progressively damage the optic nerve and impair vision. The aim of this review
is to gain insight into potentially exploitable molecular mechanisms to slow down the death of retinal
ganglion cells (RGCs), a fundamental element in the pathophysiology of all forms of glaucoma, and
to stimulate adult optic nerve repair. For this purpose, we focus our analysis on both visible and
far-red to near-infrared light photobiomodulation (PBM) as phototherapeutic agents, which were
recently proposed in RGCs, and on the nerve lamina region neural progenitor cell (ONLR-NPC)
niche. Both are suggested as potential strategies in glaucoma neuroprotection. We discuss the impact
of beneficial molecular effects of PBM on both mitochondrial derangement and the alteration of
ion fluxes that are considered important causes of RGC damage, as well as on the stimulation of
progenitor cells. We suggest these are the most promising approaches to prevent excessive neuronal
cell loss. We describe the experimental evidence supporting the validity of PBM therapy which,
despite being a safe, non-invasive, inexpensive, and easy to administer procedure, has not yet been
fully explored in the clinical practice of glaucoma treatment.

Keywords: glaucoma; photobiomodulation (PBM); visible and far-red to near-infrared (FR/NIR)
light therapy; low-level laser therapy (LLLT); retinal ganglion cells (RGC); mitochondrial dysfunction;
nerve lamina region neural progenitor cell (ONLR-NPC) niche

1. Introduction

Glaucoma is a multifactorial chronic optic neuropathy with distinctive and usually
irreversible, but preventable, visual field defects [1]. It is one of the leading causes of
blindness worldwide, and it is characterized by optic nerve progressive changes with
corresponding vision impairment [2]. The most important risk factor for glaucoma is the
increase of intraocular pressure (IOP) [2]. Moreover, glaucoma is a major public health
issue, as the population in Europe and most developed countries is ageing, a fact that will
lead to an increasing burden of vision impairment over the next decades.

There are two major types of glaucoma (both open-angle and angle-closure on the
basis of their anatomy and pathophysiology), and they share the same signs and symptoms:
primary, or idiopathic glaucoma, and secondary glaucoma. Primary glaucoma results with
no identifiable cause, whereas secondary glaucoma is characterized by an increased IOP
that elicits optic nerve damage [3]. Only a few genes have been validated as risk factors for
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familial glaucoma [4], which is relatively rare. Primary angle-closure glaucoma shows a
higher incidence of blindness, even though it is less common than open-angle glaucoma [3].

The mechanisms defining glaucomatous neurodegeneration are not fully under-
stood [5]. To delay or halt retinal ganglion cell (RGCs) death, different strategies, including
surgery and topically pharmacological agents, have been proposed; these prolong visual
function, lower IOP, and succeed in reducing the rate of progression in defined subjects.
Nevertheless, some glaucomatous patients do not benefit significantly from such treat-
ments [6]. Therefore, various substances have been proposed as add-ons. These include an-
tioxidants, nitric oxide synthase inhibitors and NO-donating agents, adenosine receptor an-
tagonists, Rho-pathway inhibitors, PI3K/Akt activators, purinergic ligands, ATP-sensitive
potassium channel (KATP) channel activators, glutamate antagonists, neurotrophic factors,
dopamine and serotonin receptors ligands, cannabinoids, non-glucocorticoid steroidal com-
pounds, histone deacetylase inhibitors [6,7], and the use of stem cells and gene therapy [8].

As improvements need to be made to reduce the severity of glaucoma, alternative
treatment strategies are necessary. As such, the aim of this review is to gain insight into the
potentially exploitable molecular mechanisms that can slow down RGCs death. A major
mechanism for such death was suggested to be mitochondrial dysfunction and its related
oxidative stress; indeed, mitochondrial potentiation and preservation is actively studied
together, with the stimulation of progenitor cells being the most promising approach
to prevent excessive RGC loss. This review will discuss the impact of mitochondrial
derangement and the alteration of ion fluxes as being among the causes of RGC damage.
Red light usage has been proposed as a non-invasive procedure to protect the death of
RGCs in several diseases such as glaucoma, suggesting a mitochondrial effect of red /near-
infrared (R/NIR) phototherapy [9]. As such, we focused our attention on visible and far-
red /near-infrared light photobiomodulation (PBM) as phototherapeutic agents in RGCs, as
well as on the nerve lamina region neural progenitor cell (ONLR-NPC) niche, as strategies
in glaucoma neuroprotection. We will highlight the multiple beneficial molecular effects of
visible and near red (NR) phototherapy.

Scopus and PubMed research databases were used to perform an electronic search
from January 2011 to May 2021. The following filters were utilized in Scopus: human, classi-
cal article and review, engineering, medicine, biochemistry, genetics, and molecular biology.
In PubMed, we used the following filters: humans, classical article, and review. Abstracts,
case reports, and conference presentations were not included. The following medical
subject headings (MeSH), terms, or keywords were combined to identify the most relevant
research studies: “glaucoma” AND “photobiomodulation” OR “visible light” OR “far-red
light” OR “near-infrared light” OR “low energy photon irradiation” AND “mitochondria”
OR “mitochondrial respiratory chain activity” OR “redox signaling” OR “oxidative stress”
AND/OR “retinal ganglial cells” OR “nerve lamina region neural progenitor cell niche”.
Only English publications regarding human studies were selected, except for eight papers
regarding in vitro and in vivo animal model studies that were recovered from the reference
lists of some selected articles. An additional nine papers were considered, even though
they were published before 2011. A total of 549 publications were selected through the
research databases and carefully taken into consideration. Publications and duplicated
articles that did not meet inclusion criteria were excluded; the remaining 66 articles were
reviewed together with two patents retrieved using the following keywords: red light ocu-
lar treatments or visual system function (Figure 1). At present, the published studies have
demonstrated the beneficial effects of photobiomodulation in in vitro human models, or in
in vitro and in vivo animal models. This review aims to illustrate the most recent evidence
supporting and encouraging the design of clinical trials that exploit photobiomodulation
in the treatment of glaucoma.
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Figure 1. A comprehensive search strategy of scientific articles and clinical studies for this review paper.

2. Photobiomodulation

The utility of red light has been valued in the practice of medicine since ancient
times, and it was “re-discovered” at the end of the 19th century by the Nobel Prize in
Medicine and Physiology winner Niels Ryberg Finsen, who cured skin disorders with
the use of red light [10]. The therapy consists of a series of brief illuminations with low
energy photon irradiation in the visible (400-700 nm) and far-red (FR) to near-infrared
(NIR) ranges of the electromagnetic spectrum (700-1000 nm); these methods are collectively
termed photobiomodulation (PBM) and are carried out by different devices, including a
laser, a light emitting diode (LED), or a broadband light. Notably, LEDs generate negligible
amounts of heat, thus reducing the risk of thermal injury and tissue damage, which instead
occurs during the use of lasers [11].

The source and the pulse structure of the light, as well as the wavelength and the
density of the energy and the duration of the laser application are important parameters
for the effectiveness of PBM on the target tissue [12]. Regarding the type of wave, whether
continuous or pulsed, there are still conflicting opinions as to which is the best and which
factors should determine the pulse parameters [13].

High tissue penetration is achievable by the long wavelengths. To accelerate wound
healing, reduce neurologic pain, and potentiate healing after peripheral nerve injury, is-
chemic stroke and heart attack, PBM therapy is currently applied [14]. Thus, applications
of PBM offer a promising innovative and non-invasive therapeutic approach to a host
of challenging sight-threatening retinal conditions, including methanol-induced retinal
damage, retinopathy of prematurity, diabetic retinopathy, Leber’s hereditary optic neu-
ropathy, age-related macular degeneration, amblyopia, and possibly others [10]. Indeed
recent studies have demonstrated that diseased tissues, including the retina, are penetrated
by FR/NIR photons, which are most effective at inducing beneficial effects in vivo in cells
without apparent specialized photopigments [15].

3. Pathophysiology of Glaucoma: Increased IOP, Mitochondrial Dysfunction, and
Altered Ion Fluxes

The following parameters are risk factors in relation to glaucoma: Older age and
frailty, African descent, familiarity with glaucoma, diabetes [16], use of systemic or topical
corticosteroids [17], myopia, ocular diseases, reduced central corneal thickness [18], trauma
and surgery [19], smoking, ischemic event, hypertension, and vasospasm [20]. These all
contribute to an increase in the eye pressure, which is the most important risk factor for
glaucoma [2]. Eye pressure is thought to cause direct damage to neurons and to the optic
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nerve [21]. Indeed, the disease is characterized by the progressive degeneration of both
RGCs, the projection neurons of the eyeand axons.

The balance between the secretion of aqueous humor by the ciliary body and its
drainage through two independent pathways—the trabecular meshwork (TM) and uveoscle-
ral outflow pathway—is very important, as progressive resistance to outflow results in
a gradual increase in IOP [17], which triggers glaucomatous pathogenesis [22]. An in-
creased resistance to aqueous outflow through the trabecular meshwork is reported in
patients suffering from open-angle glaucoma. In contrast, access to the drainage pathways
is anatomically obstructed in patients with angle-closure glaucoma [17]. Notably, similarly
to endothelial-like cells, TM cells also lie in the collagen meshwork beams, and they are sig-
nificantly decreased; moreover, they show both mitochondrial permeability transition pore
alteration and mitochondrial release of calcium, both of which are increased in glaucoma
patients compared to healthy subjects [22]. The dysfunction of calcium regulation by these
cells may cause the failure to control IOP by TM tissue.

Due to its sensitivity to high IOP, progressive and chronic stress is conveyed or
transduced through the optic nerve head to the unmyelinated RGC axon segment. This
is executed in complex ways that include mechanical, inflammatory, and bioenergetic
components [23]. However, in individuals with normal IOP and in patients whose IOP
is effectively controlled by medical treatment, but who continue to suffer progressive
neuron loss and visual field deterioration, glaucomatous RGCs and axon loss occur [24].
This suggests that other not fully understood mechanisms beyond pressure-mediated
damage are involved in neurodegeneration [5,21]. Indeed, there is the possibility that
pathophysiological stress, such as that induced by elevated IOP, triggers secondary immune
or autoimmune responses, leading to RGC and axon damage after the initial insult is
gone. In fact, evidence suggests that the transient elevation of IOP is sufficient to induce
autoreactive T lymphocytes and T-cell infiltration into the retina in mice; the importance of
this mechanism was demonstrated by the lack of T-cell autoreactivity in germ-free mice,
even after long-term experimentally induced IOP elevation. This T-cell infiltration leads to
a prolonged phase of RGCs degeneration that also persists after IOP returns to a normal
level [21], suggesting an autoimmune component in glaucoma.

Importantly, mitochondrial failure has been implicated in the aetiology of retinitis
pigmentosa and in retinal degeneration in glaucoma in a way that is similar to neurode-
generative diseases such as Alzheimer’s and Parkinson’s [25]. In some illnesses, a specific
loss of RGCs is a common feature. Indeed similarities exist between glaucoma and mito-
chondrial optic neuropathies, such as Leber’s hereditary optic neuropathy and autosomal
dominant optic atrophy [26]. Barron et al. found a high density of voltage-gated Na*
channels and increased numbers of mitochondria in the pre-laminar optic nerve, which
reflects the higher energy requirements for electrical conduction in unmyelinated axons in
the pre-laminar and laminar optic nerve [27]. Due to their peculiar structural and energetic
constraints, RGCs appear to be acutely susceptible to mitochondrial dysfunction; for this
reason, the death of RGCs is the hallmark of glaucomatous optic neuropathy.

Moreover, as mitochondrial function is also deemed to decline in neurons with aging,
mitochondrial dysfunction, as either a cause or consequence of injury, renders RGCs
sensitive to degeneration, which may be related to the increasing incidence of glaucoma
with advancing age [28].

A further alteration observed in primary glaucoma—especially in the intermittent
stage of angle closure glaucoma—is the change in quality and quantity of mitochondria in
the iris tissue cells; for example, the disappearance of the mitochondrial crest and vacuole
changes were reported. These morphological alterations are accompanied by an increase in
intracellular reactive oxygen species (ROS) generation, higher intracellular calcium levels,
and lower anti-oxidant expression in glaucomatous lamina cribrosa (LC) cells compared
to that in normal cells; the alterations are also related to the pathogenesis of glaucoma to
some extent [22]. Similar to the neurons of the central nervous system, RGCs depend on
ATP generated by mitochondria in order to preserve ionic gradients and survive [8], and
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any mitochondrial dysfunction will lead to cell damage [29]. The inhibition of enzyme
processes, which affect oxidative phosphorylation [29], leads to reduced ATP formation
and increased oxidative stress, and finally results in cell death [8].

A decreased energy availability can have a strong impact on the maintenance of
ion fluxes which are responsible for neuronal activity. As a consequence, or in addition,
defects in ion channel activity can contribute to neuronal death. In glaucoma and other
retinal disorders, the expression and function of K* channels in Miiller glia (critical for
preserving the proper physiology of RGCs) are altered [30]. The results of a recent study
suggest that both K™ and Na* homeostasis may be chronically changed in glaucoma [31].
In fact, it was demonstrated in vitro that, in Miiller glia, the elevated pressure alters cation
homeostasis and cation channel flux. The prolonged disruption of these gradients could
contribute to the reported alterations in the electrophysiological properties of RGCs in
glaucomatous retina [32,33]. Transient receptor potential vanilloid 4 (TRPV4) cation chan-
nels are important Ca?* entry pathways that are sensitive to shear stress. Their activation
triggers localized calcium influx and lowers IOP in rats and mice [34]. An interesting
recent work carried out on human TM cells showed that the mechanism of action of TRPV4
channels is mediated by calcium-induced eNOS (endothelial NO synthase) activation and
NO (nitric oxide) production [35]. The consequent vasodilation can explain the decrease in
IOP observed in animals. The study demonstrated that TM cells are insensitive to shear
stress, as the activity of TRPV4 channels is impaired in glaucoma. Glaucoma-associated
functional impairment of TRPV4 channels may contribute to IOP elevation over time,
leading to glaucomatous neurodegeneration. Upon calcium entry, its physiological levels
are balanced by energy-dependent calcium efflux mechanisms; therefore, mitochondrial
activity must be strictly coupled to the activity of ion channels. If this balancing mech-
anism should fail, the excessive calcium influx could be detrimental to TM physiology
and could justify the observations obtained in both human and animal models, which
link TRPV4 activity with TRPV4-dependent cytoskeletal remodeling, TM stiffness, and
outflow, leading to elevated IOP [36]. Calcium mishandling damages mitochondria and
unlashes mitochondrial apoptotic pathways involved in caspase activation. Additionally,
the caspase-dependent apoptotic pathway induced by a prolonged inflammatory condition
can lead to RGC death. Indeed, apoptotic caspases -3, -8, and -9 are cleaved in RGC after a
period of elevated IOP, and inflammatory caspases -1, -4, and -12 are also upregulated [37].

4. Visible and Far-Red to Near-Infrared Photobiomodulation in RGCs in
Mitochondrial Protection and Energy Metabolism

The major goal of basic and translational research is to enhance the viability of RGCs in
order to maintain their function [29]. Various strategies targeting mitochondrial protection
provide a promising way to delay the onset of glaucoma or protect RGCs against glauco-
matous damage, as mitochondria play an important role in the pathogenesis of primary
open-angle glaucoma [8]. Specifically, experimental studies have shown that the light
of different wavelengths can directly affect oxidative phosphorylation in a wavelength-
specific manner when it is absorbed by mitochondrial chromophores [29]. Indeed, some
studies have shown that RGCs possess a high number of mitochondria and are sensitive to
the exposure of visual red light (680-900 nm), which has been reported to be absorbed by
cytochrome-c-oxidase (COX), a key enzymatic complex for cell bioenergetics, especially
nerve cells in the retina and brain. COX contains four redox metal centers, Cup, Cug, Hem
a, and Hem a3, where electrons are transferred sequentially; different light wavelengths
determine peaks of absorption for the complex: 620 nm (range 613.5-623.5 nm), 825 nm
(range 812.5-846 nm), 760 nm (range 750.7-772.3 nm), and 680 nm (range 667.5-683.7 nm),
which correspond to Cup reduced, Cup oxidized, Cup reduced, and Cugp oxidized, re-
spectively. In neural tissue, COX is the most abundant metalloprotein complex, and its
exposure to light at 670 nm and 830 nm correlates highly with its peaks in catalytic activity,
as well as with ATP content in animal models in vitro [38].

ROS and NO, which are among the secondary mediators of PBM, are able to activate
signaling pathways and transcription factors [39], demonstrating that redox equilibrium
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is important in the physiology of cells; it is also central in pathological events due to
the ability of ROS to activate or inactivate various proteins, receptors, ions, and other
signaling molecules. Notably, many cellular signaling pathways are perturbed, leading to
cellular dysfunction and, subsequently, the development of various pathologies, among
which are eye diseases; this occurs when the redox equilibrium is disturbed due to the
excessive accumulation or depletion of ROS. In this context, PBM may also function by
increasing the bioavailability of NO by prompting its release from intracellular stores, such
as heme-containing proteins under normoxic conditions. Since NO functions as an inhibitor
of mitochondrial respiration, its dissociation from cytochrome C oxidase would restore
mitochondria’s oxygen consumption which, in turn, should increase energy production
and boost cellular metabolism [10]. Thus, it is currently accepted that red light enhances
the mitochondrial function, thereby improving mitochondrial energy metabolism and the
consequent increase in mitochondrial membrane potential (A'Y) and proton gradient (ApH).
Therefore, red light exerts a cytoprotective function by preventing apoptotic cell death, as
demonstrated in animal models in vivo [14,26] and, consequently, it can reduce the damage
caused by a variety of conditions studied in animal models in vivo [9,40-42].

The successful attenuation of histopathological changes in animal retina in
situ [34,39,40,42-44] is supported by the clinical use of far-red to near-infrared (FR/NIR)
therapy to enhance mitochondrial function. Animal studies have specifically shown that
optimum treatment conditions using red light for a short period of time (16.5 watts/m?,
3000 lux, 625-635 nm) can attenuate an insult of raised IOP to the rat retina and retinal
dysfunctions [9], with no detectable harmful effects on the lens, cornea, and retina, thus
dispelling previous doubts about its therapeutic safety [45,46].

The beneficial effects of PBM on the neural and vascular elements of the retina have
also been supported by a study from Lu et al., which showed that a 670 nm light 9 ] /cm?
used once daily over 5 days reduces the Miiller cell-mediated retinal inflammation of an
animal model both in vivo and in vitro [47,48], offering a potential cellular mechanism for
670 nm light therapy in regulating inflammation associated with retinal degenerations.
In fact, both the expression of COX5a and the mitochondrial membrane potential (A'¥m)
were increased, and the microglia/macrophage recruitment into the outer retina was
reduced. This is of importance, as non-neuronal components of the retina and glial-derived
Miiller cells, are the supporting cells of the retina that play a key role in maintaining
retinal homeostasis and responding to retinal stress through the release of chemokines to
recruit microglia and macrophages into the damaged retina, where gliosis is a feature of
eye disease progression. This highlights the value of low-level laser therapy (LLLT) as a
novel paradigm to treat visual failure, and it supports the opinion that neuronal energy
metabolism could constitute a major target for neurotherapeutics of both the brain and the
eye [15].

Interestingly, calcium channels are modulated by red light, as demonstrated by recent
works. In fact, a study reported that an LED light at 630 nm (26 and 39 J/cm, 4 times
every 3 h within 12 h) could promote TRPV4 expression in human synovial fibroblasts [49].
These observations suggest the utility of further studies investigating the effects of PBM on
TRPV4 in glaucoma.

A schematic representation of putative protective effects of PBM on cell metabolism is
shown in Figure 2. In glaucoma, mitochondrial dysfunction is a component of a complex
multifaceted disease, together with other signs of derangement such as increased IOP
and defective ion fluxes. Restoring mitochondrial activity could affect RGC survival
differently, depending on the severity of the other pathological components; however, the
potentiated energy production should at least be a beneficial, if not a resolutive, approach.
Based on these considerations, photobiomodulation could stimulate several defective
components and could have a stronger beneficial effect than the pharmacological single-
target treatments.
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Figure 2. A schematic representation of putative protective effects on cell metabolism in the presence of PBM (Panel B)
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cation channels.

5. Visible and Far-Red to Near-Infrared Photobiomodulation in
Neuronal Differentiation

Many studies have found that mesenchymal stem cells (MSCs) can be used in the treat-
ment of neurological diseases, including Alzheimer’s, spinal cord injury, and stroke; this is
because the differentiation of MSCs could be multi-directional and it is regulated in vivo by
many factors [50]. However, uncontrolled proliferation and even tumor formation are due
to a lack of guidance and regulation; this remains a major safety concern in the use of stem
cells for therapeutic intervention. Additionally, in glaucoma, the regenerative potentialities
of MSC could be vital in the substitution of damaged RGCs, but their differentiation should
be tightly controlled.

In the neurological field, photobiomodulation therapy (PBMT) acts on neural cells as
a complementary treatment of spinal cord trauma, traumatic brain degeneration/injury,
and in the process of peripheral nerve regeneration [38]. Indeed, there is a relationship
between the improvement in trophic conditions and a reduction in inflammatory processes;
this is closely related to more efficient nervous regeneration, ATP production, enhanced
secretion of neural factors, increased vascular network, and collagen synthesis, and it
facilitates neural differentiation and regeneration [38,51] due to the photochemical and
photobiological effects of PBM at the cellular level.

The potential role of PBM in stimulating cell differentiation has been described in
various in vitro human stem cell models. Indeed, a 810 nm wavelength was used to
stimulate dental pulp stem cells [52], and red (660 nm) and near-infrared (810 nm) red
lights were shown to be more effective than blue and green (415 nm and 540 nm) in
inducing a differentiation of human adipose-derived stem cells (hASC) into osteoblasts
when they were cultured in an osteogenic medium. In fact, after green/blue stimulation,
intracellular calcium and ATP production were lower compared to after the red light, and
they were associated with higher level of ROS [53]. Recently, irradiation with a laser light
at 808-nm, delivering energy densities from 0 to 10 J/cm?, has been demonstrated to induce
early stage neuronal differentiation rather than glial differentiation in human umbilical
cord mesenchymal stem cells [54].

Additionally, neuromodulation is achievable by photostimulation; indeed, when the
principal glial cells of peripheral neural system, human Schwann cells, were treated with a
diode laser at 810 nm and 50 mW (1 J/cm? and 4 J/cm?) for three days, cell proliferation
and nerve growth factor (NGF) gene expression were stimulated on day 20 [51].

However, emerging evidence also suggests a plausible role for blue light in neural stem
cells (NSCs), the quiescent adult cells residing in specific regions of the mammalian brain;
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these, in fact, constitutively express blue and red light-sensitive photoreceptors. Indeed,
Wang et al. showed a 4.3-fold increase in proliferation and 2.7-fold increase in differen-
tiation toward astrocyte phenotype of the abovementioned NSCs upon low-power blue
monochromatic light exposure (455 nm, 300 pW/ cm?); the melanopsin (Opn4)/transient
receptor potential channel 6 (TRPC6) non-visual opsin might serve as a key photoreceptor
response to blue light irradiation. This also suggests that the blue light-triggered system
of NSCs could enable nongenetic and non-invasive neuromodulation, with therapeutic
potential for central nervous system diseases [55].

These findings are of relevance, as Bernstein et al. recently demonstrated that the optic
nerve lamina region (ONLR) contains a neural progenitor cell (NPC) niche, which may
have a role in both postnatal optic nerve development and in adult optic nerve support
and repair [56]. Unmyelinated retinal ganglion cell axons originating in the retina pass
through the ONLR, the most anterior portion of the optic nerve, before myelination occurs
in the more distal portion of the optic nerve. However, the precise sites of postnatal
RGC axonal growth and the mechanism by which myelination occurs at sites of newly
formed axonal membrane late in postnatal growth are still obscure [56]. It is well known
that ONLR has a number of unusual characteristics: it inhibits intraocular myelination,
enables postnatal optic nerve myelination of growing axons, modulates the fluid pressure
differences between eye and brain, and is the primary lesion site in age-related open-angle
glaucoma. It remains to be investigated whether PBM therapy with red light can effectively
stimulate NPC and at least in part regenerate the tissue damaged by glaucoma.

6. Current and New Approaches in Glaucoma Treatment Modalities

The most common treatment for glaucoma is prescription eye drops. In addition to the
well-known hypotensive drugs, modern devices for instilling local and systemic drugs are
also used to reduce intraocular pressure [57]. However, poor compliance and fluctuating
adherence of patients to the therapy are the main disadvantages of eye drop treatment.

Concerning laser therapy, diode laser trabeculoplasty (DLT) uses lower energy spots
than SLT (selective laser trabeculoplasty) and ALT (argon laser trabeculoplasty) [58] for
the same performance, and micropulse diode laser trabeculoplasty (MDLT) [59] emits
microspots to limit laser heat-induced damage to adjacent structures.

Regarding surgery, even if the traditional trabeculectomy technique remains the gold
standard of treatment, the latest research has been focused on improving its risk /benefit
ratio for minimally invasive glaucoma surgery (MIGS) [60]. This method could be used in
eyes with mild or medium-mild grade glaucoma, or in patients who do not tolerate drops
or do not respond to laser treatment, as it is a safe and efficient technique to lower IOP
compared to standard surgery; however, its costs are elevated.

In light of the growing costs of these drugs/devices and their impact on the economy
of various countries, PBM therapy may offer a novel, safe, and effective therapy choice for
improving the quality of life of patients, including the elderly and the poor; it may also
have a major impact on medical practice and public finances, and cost a fraction of many
current approaches [61]. However, the drawbacks of this technology are due to the lack
of consistency in the choice of parameters such as the wavelength, the amount of energy
consumed, the surface of contact, and the duration of treatment. Most researchers believe
that, in relation to many diseases, the efficiency of PBM is positive [62]. Finally, the search
for qualitative and quantitative standards should be undertaken in the clinical setting to
achieve original protocols to treat diseases with photobiomodulation.

7. Existing Patents for Ocular Treatments Using Laser Red Light

Currently, it is well known that, in vivo, LLLT leads to a significant improvement in
visual acuity in adolescent and adult patients with amblyopia caused by ametropia or stra-
bismus. This procedure is most effective when an area of the macula is irradiated through
the conjunctiva from 1cm distance for 30s with a laser light (780nm, 292 Hz, 1:1 duty
cycle; 7.5mW; spot area 3 mm, repeated on average 3.5 times) [60]. Moreover, two patents
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were filed concerning LLLT. Specifically, the one by LumiThera describes a device and a
method for non-invasive multi-wavelength photobiomodulation for ocular treatments [63]
of symptoms of acute or chronic ocular syndromes, such as diabetic retinopathy, retini-
tis pigmentosa, glaucoma, age-related macular degeneration, central serous retinopathy;,
non-arteritic anterior ischemic optic neuropathy, and Leber’s hereditary optic neuropathy;
treatment is also provided to the eyelids, wrinkles, cheratitis, viral and bacterial infections,
and many more areas. Irradiance with multiple wavelengths is provided by multiple laser
sources (25 nm to 900 nm pulsed at frequencies from 1 to 100 Herz, or from 100 Hz to
100 kHz for 1 millisecond up to 150 s). Furthermore, a method for treating visual system
diseases is disclosed in this first patent. In the other one patent, which was sponsored
by the Department of Defense Advanced Research Project Agency (USA), the aim was to
restore vision after methanol toxicity. It is based on the use of LEDs developed by NASA
and consists of (a) exposing a component of a patient’s visual system to light treatment
(wavelength between 630-1000 nm, 10-90 mW /cm for 1-3 min), and (b) observing the
restoration of visual system function [64].

8. The Future of Clinical Trials for the Treatment of Glaucoma

Generally, glaucoma is a disease that progresses slowly; hence, there have been
concerns regarding the feasibility of conducting clinical trials to evaluate the efficacy of
new treatments for slowing or preventing vision loss [65]. It is generally believed that such
trials would require very large sample sizes or long follow-ups. Nevertheless, clinical trials
for glaucoma neuroprotection are not impossible. When treatment efficacy is evaluated
by (1) difference in incidence of pointwise event-based progression, and (2) difference
in rate of visual field mean deviation (MD) change between groups using linear mixed
models (LMMs) versus conventional event-based survival analysis, the feasibility of future
glaucoma clinical trials can be improved substantially [66].

The studies described in this review highlight the relevance of some intracellular
pathways which could be novel therapeutic targets, with the intent of lowering IOP
on one side and stimulating tissue regeneration on the other side. The potentiation of
mitochondrial activity associated with ion flux control could be proposed as a metabolic
approach that is worthy of being pursued, and the therapy with red light could be used
with this aim. In addition, a thermophysical approach to glaucoma has recently been
developed by improving the comprehension of the biophysical bases of the light-receptor
mechanism in order to design new possible devices for therapies [67].

If PBM usefulness could be established through large clinical trials, it would offer a
non-invasive and inexpensive approach that could easily be delivered by medical providers,
or even by patients themselves, for the prevention or slowing down of the progress of
retinal pathologies [10], including glaucoma.

9. Conclusions

As justly noted by Dr. Michael R. Hamblin, “after decades confined to the scientific
wasteland, PBM may be finally emerging into the light of day (pun intended)” [68]. Indeed,
as various prophylactic and therapeutic strategies targeting mitochondrial protection
might provide a promising way to delay the onset of glaucoma, PBM could be useful in
ameliorating mitochondrial function and/or stimulating progenitor cells to slow down
RGC death in glaucoma. Moreover, PBM has been documented to have minimal risk, to be
non-invasive, inexpensive, and easy to administer.
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