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ABSTRACT
Aims: A review of the published literature was done to understand the role of endocannabinoids in glaucoma.

Background: As evidence mounts that intraocular pressure (IOP) is not the only factor in the pathogenesis and progression of glaucoma, a look
into other aspects is the need of the hour. From the first instance of a drop in IOP linked to marijuana in the 1970s to the present, research has been
ongoing, mostly in animals and in vitro models, with a scarcity of human studies, to delve into the world of the endocannabinoid system (ECS).
Methods: PubMed, ScienceDirect, and Google Scholar were searched for studies relating to endocannabinoids and their role in glaucoma.

Results: The ECS comprises ligands, receptors, and the synthesizing and degrading enzymes and is ubiquitous throughout the human body,
including the visual system, from the eye to the occipital lobe. Apart from the IOP-lowering effect of the system, another property being
investigated and implicated as an attribute of its receptors is neuroprotection. This neuroprotection seems to be mediated by excitotoxicity
reduction and changes in vascular tone by acting on cannabinoid receptors.

Conclusion: The possibilities are indeed immense, and further research into the complex relationship between ECS and glaucoma is imperative
to enable us to develop therapies for this otherwise chronic, progressive neuropathy, where the only armament in our hands is early diagnosis
and maintenance therapy.

Clinical significance: We still do not have drugs for the prevention of retinal ganglion cell loss and for neuroprotection in glaucoma. Drugs
that target cannabinoid receptors can revolutionize glaucoma management owing to their IOP-lowering action and neuroprotective effects.
Based on the findings, we argue that further studies on the ECS and its implications in glaucoma are warranted to develop newer, effective,
and better-targeted treatment strategies.
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INTRODUCTION

Glaucoma, an optic neuropathy that s irreversible and progressive,
has a prevalence of 3.54% worldwide. Globally, the cases of this
disease in 2013 were 64.3 million in the age-group of 40-80 years,
with a sharp increase expected to 111.8 million by 2040." Most
glaucoma patients progress despite good maintenance of target
intraocular pressure (IOP), proving that there are other factors
besides IOP for glaucoma and its progression. A few patients
have intolerable side effects or develop tolerance to the present
glaucoma medications.

The endocannabinoid system (ECS) is an intricate system
comprising synthetic and degrading enzymes for their ligands and
receptors for their actions. Predominant receptors are G protein-
coupled, which trigger multiple signal transduction cascades.
A multitude of insults befall the central nervous system (CNS),
but the ECS provides protection against these by maintaining
the precise amounts of endocannabinoids. This is achieved by a
delicate balance between their biosynthesis and degradation by
the respective enzymes.?

In the 1970s, Hepler and Frank noted a reduction in IOP after
smoking marijuana.’ This fueled research into cannabinoids, and
the ECS has been incriminated in the pathogenesis of glaucoma,
age-related macular degeneration (ARMD), and diabetic retinopathy
(DR).*® An excellent understanding of the ECS has been achieved
to date through animal and in vitro models and a select few human
studies, but thus far, there is still no drug available and licensed in
the market that is capable of modulating the ECS in the eye because
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of their psychoactive side effects, poor long-term stability, and their
lipophilic property.
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Endocannabinoids in Glaucoma

Therefore, we aim to analyze and scrutinize the literature
regarding the ECS and its relation to the pathogenesis of glaucoma
and to pave the way for future research into this latent field with
immense possibilities, capable of altering our very understanding
of the pathophysiology of this disease.

MEeTHODS

PubMed, ScienceDirect, and Google Scholar were searched for
relevant keywords. The search string included one or a combination
of the terms below: endocannabinoids, ECS, cannabinoids,
cannabinoid ligands, cannabinoid receptors, cannabinoid
enzymes, glaucoma, 2-arachidonoylglycerol (2-AG), anandamide,
N-arachidonoylethanolamine (AEA), palmitoylethanolamide (PEA),
noladin ether, neuroprotection, cannabinoid receptor 1 (CB1)
receptor, cannabinoid receptor 2 (CB2), animal model, pharmacology,
pharmacodynamics. Furthermore, we performed a manual search of
the references of a few selected articles. The publication years of the
articles ranged from 1971 to 2024. Articles that were not in English
and articles where the full text was not available, even after a trial of
contacting the corresponding authors, were excluded.

The initial part of the review deals with the location of the
different components of the ECS in the eye. Then, we reviewed
studies that investigated the ECS’s role in glaucoma, relating to IOP
and neuroprotection. Studies that involved ocular drug delivery of
cannabinoids were also assessed. Based on the current knowledge,
we argue that additional studies on the ECS and its implications for
glaucoma are warranted to develop newer, effective, and better-
targeted treatment strategies.

REesuLTs

Cannabinoid Receptors

Most eye tissues express various endocannabinoid receptors,
ligands, and enzymes except the crystalline lens.® They are a
group of transmembrane “G protein-coupled receptors (GPCRs)”
that belong to the “rhodopsin-like receptor” class.” They include
CB1 and CB2 receptors. Additionally, there are a few “nonclassical”
cannabinoid receptors, like G-protein-coupled receptor 18 (GPR18),
G-protein coupled receptor 55 (GPR55), transient receptor potential
vanilloid 1 (TRPV1), and peroxisome proliferator-activated receptors
(PPARs) a, 6/, and y.

Cannabinoid Receptor 1 Receptors

Cannabinoid receptor 1 receptors were first characterized in the
brain of the mouse® and later cloned in 1990.° Table 1 enlists the
location of the CB1 receptors in the eye.” There are orthosteric and

allosteric binding sites on these receptors. The actions of a direct
agonist can be modulated here."”

Cannabinoid Receptor 2 Receptors

In 1993, the second set of receptors was identified, now referred to
as CB2 receptors."" They share around 44% amino acids analogous
to CB1 receptors and similar binding characteristics. CB2 receptors’
location on the trabecular meshwork points to their possible
contribution in aqueous humor dynamics.'° CB2 receptors are present
inthe cornea as well as proven in a study of corneal wound healing in
an invivo murine model, which has demonstrated an upregulation of
CB2 receptors in the cornea during the process of wound healing.'?
CB2 mRNA expression has been discovered in various parts of the
retina of several species,’ but in humans, they have been found to
be expressed only in retinal pigment epithelial cells."

Both CB1 and CB2 receptors are coupled positively to “mitogen-
activated protein kinase (MAPK),” as shown in Figure 1A, and
negatively to adenylyl cyclase, through Gi/o proteins, as illustrated
in Figure 1B.” In turn, they modulate various signal transduction
pathways, like activation of “protein kinase RNA-like endoplasmic
reticulum kinase (PERK),” G protein-coupled inward rectifying K
channels (GIRKs), inhibition of “cyclic adenosine monophosphate
(cAMP)” production, and recruitment of B-arrestin.””

G-protein-coupled Receptor 18

“G-protein-coupled receptor 18” expression was prominent and
isolated in the cornea, iris, trabecular meshwork, ciliary epithelium,
and retina.'® It gets activated by a downstream metabolite of
anandamide (AEA), N-arachidonoyl glycine (NAGly)."”

G-protein Coupled Receptor 55

Evidence suggests that “GPR55"” mediates the increased drainage of
aqueous via the trabecular meshwork caused by PEA in a porcine
organ culture model.'® This is indirect evidence of the location of
GPR55 in the drainage facility of the eye, and there is evidence that
it is expressed in the retina as well.”

Transient Receptor Potential Vanilloid 1

“Transient receptor potential vanilloid 1,” with AEA as the ligand,
has been isolated in the retinal pigment epithelium.' Its presence
has also been seen in retinal microglia and RGCs.2°

Peroxisome Proliferator-activated Receptors a

Indirect evidence shows that “PPARa” exists in the trabecular
meshwork. The study was conducted using PEA, a “fatty acid
amide analog” of AEA, which “fatty acid amide hydrolase (FAAH)"
also degrades.”®

Table 1: Classical and nonclassical receptors of endocannabinoids in the eye

Iris  Trabecular meshwork  Schlemm’s canal  Ciliary body  Choroid Retina Species
CB1 N4 N4 N4 v N4 N4 Rat, mouse, guinea pig, monkey, pig, human
CB2 v v Rat, pig, monkey
GPR18 V v v v v v/ Rat,mouse
GPR55 v v Pig, monkey
TRPV1 v Rat, cat, monkey
PPARa N4 v Pig, cow

CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; GPR18, G protein-coupled receptor 18; GPR55, G protein-coupled receptor 55; PPAR a, peroxi-
some proliferator-activated receptor alpha; TRPV1, transient receptor potential cation channel subfamily V member 1
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Figs 1A and B: (A) MAPK signaling pathway; (B) Adenylyl cyclase signaling pathway; AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate;
ERK, extracellular signal regulated kinase; GDP, guanosine diphosphate; Gi/oa are a family of G proteins of the a subunit; aly are subunits of G
proteins; GPCR, G protein coupled receptor; GTP, guanosine triphosphate; MAPK, mitogen activated protein kinase; MEK, mitogen activated protein
kinase; RAF, rapidly accelerated fibrosarcoma; RAS are a group of proteins which are regulators of signal transduction; a8y are subunits of G proteins

Table 2: Endocannabinoid ligands in the eye

Iris Trabecular meshwork ~ Schlemm’s canal  Ciliary body Choroid Retina Species
2-AG v v v v Rat, cow, human
AEA v v v v v Rat, pig, cow, human
PEA v v v v Rat, cow, human

2-AG, 2-arachidonoylglycerol; AEA, anandamide; PEA, palmitoylethanolamide

Endocannabinoid Ligands
2-arachidonoylglycerol

A monoacylglycerol, it is involved in numerous lipid metabolic
pathways, where it is a precursor in some pathways and an end
product in others.?' Like AEA, its formation is also activated by a
build-up in intracellular Ca**. 2-AG levels are higher than AEA, as in
other parts of the CNS.

N-arachidonoylethanolamine

Its synthesis is started by GPCRs or by an increase of intracellular
Ca*". Table 2 enlists the location of AEA in the eye.?>2*

N-palmitoylethanolamine

An analog of AEA, PEA is a bioactive endogenous fatty acid amide,
and it is found as an active component in foods and quite a few
living organisms. Its prominent roles have been identified in
inflammatory processes and chronic pain.?* Its presence in ocular
tissues has also been detected.’

Noladin Ether

A novel putative endocannabinoid, “noladin ether (2-arachidonyl
glyceryl ether),” was identified in the rat?® and porcine brains.? It
resembles 2-AG in structure; its ether-linked analog and chemically
is 2-glyceryl ether.?’
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Synthetic Cannabinoids

A multitude of synthetic cannabinoids are well known now.?® The
most well-known are WIN-, CP-, UR-, PB-, HU-, JWH-, and AM-series.?’

Enzymes

Both 2-AG and AEA are derived from “arachidonic acid-containing
phospholipids.”

Diacylglycerol Lipase-a and Lipase-13
2-arachidonoylglycerol is synthesized from the diacylglycerols

(DAG) substrates by two enzymes (isozymes), diacylglycerol lipase-a
(DGLa) and diacylglycerol lipase-B (DGLR).°

Monoacylglycerol Lipase and a,B3-hydrolase Domain-
containing 6

Monoacylglycerol lipase (MAGL) and q,B-hydrolase domain-
containing 6 (ABHD6) are the metabolizing enzymes for 2-AG.
Degradation involves two steps, the first being transportation of
the substrate into the cells, followed by its hydrolysis.*!

N-acyl Phosphatidylethanolamine-phospholipase D

N-arachidonoylethanolamine is synthesized from NAPE by the
enzyme N-acyl phosphatidylethanolamine-phospholipase D
(NAPE-PLD). It is a Ca**-dependent process, and the production

)

£
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of both AEA and NAPE occur in parallel, albeit being mediated by
separate enzymes.3? PEA is also synthesized by NAPE-PLD.??

Fatty Acid Amide Hydrolase and N-acylethanolamine-
hydrolyzing Acid Amidase
N-arachidonoylethanolamine is metabolized by two enzymes,
FAAH and N-acylethanolamine-hydrolyzing acid amidase (NAAA).34
The degradation follows the same two-step process as 2-AG.>* This
transport into the cell seems to be supported by many molecules,
like fatty acid-binding protein 5 (FABP-5) and albumin.3® AEA and
2-AG seem to have the same carrier for internalization and compete
for it.” Once inside the cell, FAAH, an integral membrane protein,
targets the amide bonds in various fatty acyl amides but does not
degrade 2-AG. It can, however, degrade endocannabinoid and
paracannabinoid fatty acid ethanolamides (FAEs). Both these facts
should be considered when considering studies and experiments
focusing on the removal of FAAH, pharmacologically or genetically.
PEA is majorly degraded by NAAA and partly by FAAH.* The
localization of the enzymes is depicted in Table 3.
Prostaglandin-ethanolamides (prostamides) are the
degradation product of AEA and prostaglandin glyceryl esters for
2-AG.28 There is evidence that both AEA and 2-AG can be directly
metabolized by cyclooxygenase-2 (COX-2). COX-2 is nonselective
between arachidonic acid and 2-AG, emphasizing the association

and close connection between the eicosanoid system and the ECS.’
Figures 2 and 3 depict the flow chart diagrams of the synthesis and
breakdown products of endocannabinoids.

Discussion

Intraocular Pressure and the Endocannabinoid System

The effects and sites of action of endocannabinoids for ocular
hypotension were thoroughly studied through the years. The
beneficial effect of marijuana causing ocular hypotension initially
seemed to outweigh the adverse effects. On the other side of this
same coin, marijuana did not seem to be more effective or safer
than the drugs or surgical procedures already available for the
management of glaucoma.?® The effect of the ECS on IOP can be

>

Palmitic acid
+ Ethanolamine

NAAA
Fig. 3: Production and metabolism of PEA. FAAH, fatty acid amide
hydrolase; NAAA, N-acylethanolamine-hydrolyzing acid amidase;
NAPE-PLD, N-acyl phosphatidylethanolamine-phospholipase D; NPPE,
N-palmitoyl phosphatidylethanolamine PEA, palmitoylethanolamide

NPPE —» NAPE-PLD —»| PEA
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Fig. 2: Production and metabolism of endocannabinoids. 2-AG, 2-arachidonoylglycerol; ABHD6, a,B8-hydrolase domain-containing 6; AEA,
anandamide; CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; COX-2, cycloosygenase-2; DAG, diacylglycerol; DGL a/B, diacylglycerol
lipase a/f3; FAAH, fatty acid amide hydrolase; GPR55, G protein-coupled receptor 55; MAGL, monoacylglycerol lipase; NAAA, N-acylethanolamine-
hydrolyzing acid amidase; NAPE, N-acyl phosphatidylethanolamine; NAPE-PLD, N-acyl phosphatidylethanolamine-phospholipase D; PLA2,
phospholipase A2; PPAR q, peroxisome proliferator-activated receptor alpha; TRPV1, transient receptor potential cation channel subfamily

V member 1

Table 3: Enzymes (synthesis and metabolizing) of endocannabinoids in the eye

Trabecular

Iris meshwork Schlemm’s canal  Ciliary body Choroid Retina Species
DGLa/B v Rat, mouse
MAGL v v Rat, mouse
ABHD6 v Rat
NAPE-PLD v Rat, mouse
FAAH v v Rat, mouse, cow, monkey
NAAA v Mouse

ABHDS, a,B-hydrolase domain-containing 6; DGLa/3, diacylglycerol lipasea/B3; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; NAAA,
N-acylethanolamine-hydrolyzing acid amidase; NAPE-PLD, N-acyl phosphatidylethanolamine-phospholipase D
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seen mainly by its actions on the CB1 receptors*® by various ligands
as follows:

Delta-9-tetrahydrocannabinol

The topical application of delta-9-tetrahydrocannabinol (A-9-THC)
was linked with a remarkable drop in IOP in the treated and
contralateral eyes. There were no manifestations of psychotropic
effects in the glaucoma patients.*!

WIN55,212-2

Synthetic cannabinoids and their antagonists then came into
play. Their use further consolidates the role of endocannabinoids.
Porcella et al. demonstrated that the topical application of
WIN55,212-2, a synthetic cannabinoid, reduced IOP in patients in
the first 60 minutes.*? Nevertheless, these effects of lowering IOP in
cannabinoids seem mainly due to actions at the CB1 receptors.*>43
There is no CB2 involvement, as demonstrated by Szczesniak et al.**
Their study found that the effect of WIN55,212-2 was not blocked
by AM630, a CB2 antagonist, but by a CB1 antagonist AM251, which
blocked it. This was further consolidated by the use of CB2 knockout
mice, where it was shown that the difference in reduction of IOP
was similar to in controls.**

As already elaborated, CB1 receptors have been localized to
the trabecular meshwork?*** and the ciliary body.*® Contraction of
ciliary muscles is well known to cause an increase in the drainage
through the trabecular meshwork.*®

While all of the above proves the involvement of the outflow
facility, a study by Chien et al.** demonstrated that WIN55,212-2
resulted in an 18% reduction of aqueous humor production in
monkeys. The outflow facility remained unchanged in these
monkeys, and IOP was reduced in both control eyes and eyes with
glaucoma of the monkeys after the application of WIN55,212-2.43
Therefore, we can state that CB1-mediated modulation of IOP
is both at the production and outflow levels. It was found that
WIN55,212-2 causes a decrease of IOP by 47% in experimentally
induced glaucomain rats. Anotherimportant point noted was that
this effect was maintained for 4 weeks with no symptoms or signs
of local or systemic toxicity.

Noladin Ether

Noladin ether, a cannabinoid ligand, was shown to produce a
reduction in IOP in rabbits by action on CB1 receptors, as the effect
was diminished by “AM251,” a CB1 receptor antagonist.*® In yet
another study of an organ culture model, an increase in outflow
in trabecular meshwork cells was noted after addition of noladin
ether, and this effect was stopped when the cells were treated with
SR141716A, a selective CB1 antagonist, consolidating the role of
noladin ether and its site of action as the CB1 receptor.*’

N-arachidonoylethanolamine and 2-arachidonoylglycerol

Coming to the main ligands, AEA and 2-AG, it was shown in a
porcine ocular perfusion model that AEA heightened the outflow
of aqueous for 30 minutes. This effect was lengthened to 5 hours
on administration of a FAAH inhibitor, URB 597.%° This study also
demonstrated that FAAH exists and has activity at trabecular
meshwork.>' Applying this same model, a nonselective MGL/
FAAH/ABHDG6 inhibitor had the same effect of prolonging the
increase in outflow facility to a comparable level.>? These studies
support the evidence that the above enzymes have been localized
to the trabecular meshwork. Applying AEA or CP55,940, a synthetic
cannabinoid, led to a constricting of bovine ciliary muscle by
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activating CB1 receptors. In a study of normotensive mice, topical
2-AG was shown to lower IOP by action at CB1 receptors in MAGL
knockout mice.>® Inhibitor 2, an inhibitor of MAGL, was used in
another murine model and it was able to reduce IOP by ~4.5 mm
Hg in a sustained manner for 12 hours after a single dose ocular
application.”*

Another trial involving human subjects was conducted to
assess the effectivity of sublingual A-9-THC, where it was noted
that IOP was reduced temporarily for a period of 4 hours and was
well tolerated by patients.>

A study by Angmo et al. has also revealed that plasma AEA and
2-AG are significantly higher in normal individuals as compared to
glaucoma patients. Also, the glaucoma patients had significantly
higher levels of cortisol in aqueous humor and in plasma and
exhibited poorer quality of life scores.’® They also assessed the
levels of tear endocannabinoids, which have never been estimated
before in any other study. However, they did not find significant
differences in the tear endocannabinoid levels between normal
individuals and glaucoma patients.”®

Theligands AEA and 2-AG, if administered externally, however,
have an extremely short-lived duration of action, thereby making
their therapeutic potential very limited.*” Clinical trials studying
the use of cannabinoids for the treatment of ocular hypertension
demonstrate a lack of success, mainly due to the limited duration
of action of the cannabinoids, in addition to behavioral side effects.
Other issues like potential receptor desensitization and variable
efficacy are also noteworthy.>® Newer pharmacological techniques
tried to overcome the above limitations are allosteric modulators
or degradative enzyme inhibitors.3®

Palmitoylethanolamide

A few trials have been conducted on the association between PEA
and glaucoma. A randomized clinical trial on POAG patients and
ocular hypertension showed that IOP was significantly decreased
when they were administered oral PEA.>® Pretreatment with PEA
in patients undergoing bilateral laser iridotomy was found to be
effective in counteracting the rise of IOP after the procedure.5® A
study was conducted on patients with normal-tension glaucoma
to gauge the effect of oral PEA on IOP and visual field worsening.
It was established that IOP was significantly reduced and visual
field variables were improved.®' To concur with these findings,
Chen et al. showed that the amount of PEA in the uveal tissue of
donor’s glaucomatous eyes was lower than the nonglaucomatous
ones.?® The above effects of PEA are due to an enhancement
in the aqueous humor outflow being mediated by GPR55 and
PPARa receptors.'® These two receptors have been isolated in the
trabecular meshwork.'>184

B-adrenergic Receptors and Other Receptors

Apart from these CB1 receptor-independent factors, others at
play, namely the B-adrenergic receptors (BARs).**>” Application of
cannabinoid agonists, BAR agonists, and antagonists in wild-type
and CB2 knockout mice models has shown a reduction in IOP but
failed in CB1 knockout and BAR knockout mice models. Depletion
of catecholamines also failed to lead to a reduction in IOP after
incorporation of a CB1 agonist. This clearly proves that BARs have
a major role in regulating IOP and cannabinoids.”” As we had
stated earlier, GPR18 has been isolated in mice’ ciliary epithelium
and trabecular meshwork.'® All of this direct or indirect evidence
proves that all these receptors have arole in the regulation of IOP. A
recent concept by Miller et al.>® explored the potential of blocking
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transport molecules to raise endocannabinoid levels. These
molecules would prevent the reuptake of endocannabinoids and
lead to arise in their levels. A FABP blocker SBFI-26 was used in an
animal study, and it was found that IOP was lowered and the effect
was not demonstrated in mice that had been made CB1 knockout.>°

Cannabinoids and Neuroprotection

Being initially studied only for their property of reduction of IOP,
evidence now also demonstrates their neuroprotective property.®?
The mechanisms for RGC loss have been studied and revealed
that they die by apoptosis, which is triggered by glutamate
receptors activation [N-methyl-D-aspartate (NMDA) and a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)], resulting
in the accumulation of excessive calcium inside the cells, which
activates nitric oxide synthase and caspases with the release of
toxic “reactive oxygen species (ROS)."* Excitotoxicity seems to
be the basis of this cell death. Therefore, it would stand to reason
that molecules which inhibit inflammation along with causing a
reduction of ROS and calcium channel activation would ameliorate
glaucomatous optic neuropathy. A study on glaucoma patients has
already proven that molecules involved in stress like ROS, cortisol,
and interleukin-6 levels were elevated and their levels decreased
after intervention in the form of mindfulness meditation.®*
Elevated glutamate levels have been observed in experimental
models of glaucoma in humans with glaucoma.’>%* In line with
this observation is the fact that antagonists of NMDA, a glutamate
receptor, have provided neuroprotection to RGCs in experimental
and animal models.%® Even slight elevation of glutamate causes
damage to the RGCs, mainly the large ones.?” Irreversible retinal
damage occurs once caspases are activated. Strategies to combat
this apoptosis should be directed to pathways before activation of
caspases and before late-phase apoptosis sets in; otherwise, cellular
function becomes irreversibly lost.5

Excitotoxicity Reduction

Apart from glutamate, there is a release of nitric oxide and tumor
necrosis factor from astrocytes, microglia, and Muller cells in the
experimental models of glaucoma.®® To further substantiate the
above hypothesis about experimental models of glaucoma, it
has been revealed in models of CNS diseases that CB1 and CB2
receptor stimulation triggers microglial cells and reduces nitric
oxide and pro-inflammatory cytokines.”® Quite a few studies on
human subjects have already been done linking a reduction in
inflammatory biomarkers, reduction in IOP, yoga/meditation, and
increase in endocannabinoids.5*”!

Numerous experimental studies have been published on
the neuroprotective aspect of cannabinoids. One such study
was performed on rats with ocular hypertension, where it was
noted that there was an increase in the number of surviving RGCs
after weekly administration of A-9-THC.”? The authors argue
that the most probable reason would be the property of THC in
reestablishing the blood flow and diminishing ischemia in the
retina. The other probable mechanisms are the moderation of ROS
by decreasing formation or scavenging the ROS, mediated through
CB1 receptors’® or the suppression of calcium influx.”

WIN55,212-2, besides its IOP-lowering properties, has shown
promising neuroprotective properties in rat high IOP models. There
was a decrease in the RGC loss in rats receiving the cannabinoid,
and this action was blocked by AM251, a CB1 antagonist, indicating
the role of CB1 receptors in neuroprotection.”> CB1 receptors are
involved in neuroprotection, as revealed in another study where

A-9-THC administration prevented NMDA (intravitreal injection
in rats)-induced RGC death. This effect was partially attenuated
when SR141716A, a CB1 antagonist, was coadministered, thereby
consolidating the partial role of CB1 in neuroprotection.”®
Kokona et al. studied the AMPA excitotoxicity model where
2-AG was intravitreally injected with AMPA in “wild-type,” “CB1
knockout, and CB2 knockout mice.” 2-AG provided neuroprotection
to amacrine cells in the wild-type and CB2 knockout mice but
did not do so in the CB1 knockout mice.”” 2-AG was studied in an
inflammation model that used lipopolysaccharide (LPS) in Mller
glial cultures. It was noted that there was an increase in the anti-
inflammatory cytokines and a decrease in the pro-inflammatory
ones. As the effects were attenuated by CB1 and CB2 receptor
antagonists, this strengthens the hypothesis of receptor-mediated
activity.”® Evidence for PEA-mediated neuroprotection after
traumatic CNS injury exists, unlike neuroprotection in the retina,
which is yet to be proven. It reduces cell necrosis and apoptosis,
reduces pro-inflammatory cytokines, and attenuates edema.””

Fatty Acid Amide Hydrolase Inhibition

In a study related to AEA, it was seen that in a transient “high
IOP-induced ischemia model in rats,” URB597, a FAAH inhibitor,
was shown to reduce RGC loss.8% CB1 and TRPV1 seemed to be
the action targets here.®? Apart from the classical cannabinoid
receptors, the survival and function of RGCs are mediated
by TRPV1.8" Nucci et al. noted in their experimental model
that ocular hypertension followed by retinal ischemia was
accompanied by a one-fourth decrease in the levels of AEA in
the rat retina. This was found to be due to an upregulation of
the activity of FAAH, the degradation enzyme of AEA. URB597
was seen to prevent this increase in FAAH activity. This supports
the hypothesis that AEA's role in neuroprotection against ocular
hypertension.®? Rats that had undergone optic nerve axotomy
were studied for the neuroprotective effect of AEA. URB597,
by increasing AEA, was shown to be neuroprotective, thereby
proving that these actions of AEA have, in part, a mechanism
independent of |OP.%2

In another in vivo rat model, AEA, MethAEA, and HU-210 (a
synthetic cannabinoid) were injected intravitreally with AMPA to
assess the AMPA-induced amacrine cell loss. It was uncovered that
the neuroprotection offered by the cannabinoids was reversed by
AM251, a CB1 receptor-selective antagonist.2> Another molecule,
HU-211, a nonpsychotropic cannabinoid, is also neuroprotective, as
described in another optic nerve axotomy model.®4

Vascular Tone and Other Mechanisms

Optic disk perfusion is involved in the patho-mechanism of
glaucoma, with various studies revealing that the perfusion is
reduced in glaucoma.®># This perfusion can also be enhanced post
adjunctive intervention (mindfulness meditation), as evidenced on
optical coherence tomography angiography (OCTA).®’

Endocannabinoids also seem to have the ability to affect
vascular tone. Vasospastic stimuli seem to cause an increase in
plasma endothelin-1 in cases of open-angle glaucoma.®® It has
been demonstrated that AEA causes bovine ophthalmic artery
dilation.? Dronabinol is an appetite stimulant used in cases
of AIDS-related anorexia and an antiemetic in chemotherapy-
related nausea, and it is a synthetic A-9-THC. Retinal perfusion
is increased and IOP decreases after its administration.’®
Inhibition of endothelin-1, a vasoconstrictor, seems to cause this
vasodilation.”!
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Evidence suggests that CBD, HU-211, and A-9-THC may act
independently of CB1 receptors to provide neuroprotection,
most probably by reducing oxygen free radicals derived from
excitotoxicity through glutamate,> or by cannabinoids acting on
thromboxane receptor agonists.*?

Cyclooxygenase-2 and the Endocannabinoid System

As COX-2 metabolizes endocannabinoid to produce prostamides,
we can expect endocannabinoids to be part of an important
pathway in IOP dynamics. In line with the above statement, a study
showed that there was a reduction in COX-2 and lower levels of
prostaglandin E2 (PGE2) in the aqueous humor of glaucomatous
eyes compared to controls.”> A synthetic prostamide analog,
bimatoprost, decreases IOP by increasing both the trabecular and
uveoscleral aqueous humor outflow.®* It binds to a prostaglandin
receptor (FP/altFP receptor), leading to ciliary muscle remodeling.”
COX-2 by-products, such as PGE2 and matrix metalloproteinases,
are responsible for the remodeling of the ciliary muscle and
trabecular meshwork.’® It has been demonstrated that AEA,
methanandamide, or A-9-THC increases COX-2 expression in cell
cultures in nonpigmented epithelium cells of the ciliary body.”” All
this evidence strengthens the hypothesis that endocannabinoids
and eicosanoids play a role in increasing the outflow of aqueous
humor.

Drug Delivery

A cannabinoid drug has not been developed to date due to a few
inherent problems, such as behavioral side effects, persistent
receptor activation/blockade, and receptor desensitization.®
Swelling of the eyelids and irritation of the ocular surface were
reported when light mineral oil was tried as a vehicle.?® High
lipophilicity and lower aqueous solubility of natural and synthetic
cannabinoids make them impermeable through the cornea.
Microemulsions, surfactants, and cyclodextrins (macrocyclic
oligosaccharides) have been tried to enhance ocular penetration.'®
WIN-55,212-2 has been applied as eye drops to glaucoma patients
with a cyclodextrin vehicle, and a significant drop in IOP was noted
in patients whose IOP was not controlled on their current drugs.*
There have been attempts to develop a stable formulation for A-9-
THC. One study showed promise owing to the increased aqueous
solubility of the formulation, but it failed in solid-state stability,
pH stability, and sensitivity to oxygen.'”! In another study, fast-
gelling films and solid lipid nanoparticles were used in rabbits
topically. It was found that A-8-THC levels were high in the cornea,
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aqueous, and sclera, except for the vitreous.'® Allosteric modulators
have also been described, with a reported decrease in receptor
desensitization (Fig. 4).'%3

The arrival of urea-based FAAH inhibitors seemed to enhance
solubility and make them more appropriate for instillation into
the eye. However, they were highly metabolized by cytochrome
P450 (CYP) enzymes.'® A recent concept of “biased agonism”
or “functional selectivity” has gained popularity. The concept
describes how an agonist can have a predilection to activate
a particular signaling pathway, which can be applied to both
orthosteric and allosteric ligands. This new approach has led to
studies of new biased allosteric modulators of CB1 receptors,
having a prolonged effect without undesirable psychotropic
effects.'® Other modalities being studied include soluble prodrugs,
nanoemulsions, and nanoparticles.'®

CONCLUSION

The future of endocannabinoids in the medical field, particularly
in glaucoma, seems promising. Evidence of their IOP-lowering
properties and neuroprotective capabilities in the literature is
plentiful. Targeted management of glaucoma, therefore, seems
very plausible, but we are still far from a breakthrough in this field.
A collective endeavor from the scientific community is the need
of the hour.

Clinical Significance

Currently, no drugs can target the loss of RGCs in glaucoma.
Therefore, drugs that can target CB1 receptors can change the
course of glaucoma treatment, as they can exert hypotensive
and neuroprotective effects in conjunction. Further studies in the
form of experimental models and clinical studies are necessary to
appreciate and understand the complex ECS and its relation to
glaucoma and other ocular pathologies to allow the development
of stable, effective, and better-targeted therapies.
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