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Topical ophthalmic instillation is an appealing strategy to deliver drugs to the

back of the eye to treat retinal diseases such as neovascular age-related

macular degeneration, diabetic retinopathy, retinal vein occlusion, and

glaucomatous optic neuropathy. It has several advantages such as being

non-invasive and user-friendly, e.g., allowing self-administration. However,

the main obstacle has been how to achieve therapeutic drug concentrations

in the retina due to the eye’s protective mechanisms, flows, and barriers. Less

than 4% of the instilled drug dose enters the anterior chamber, and much less is

expected to reach the posterior segment. It is crucial to understand a drug’s

topical pharmacokinetics in humans and how one can extrapolate data from

rabbits to humans. In this review, the available data on the retina and vitreous

drug concentrations from pharmacokinetics studies conducted in human

patients and rabbits have been compiled, together with the critical

physiological factors to be considered for this route of administration.

Improvements in the design of preclinical studies are suggested to increase

their translatability to the treatment of human patients. Finally, the current status

of clinical trials with topical ophthalmic formulations intended to treat the back

of the eye is depicted. At present, no topical ophthalmic formulations to treat

neovascular age-related macular degeneration or other retinal

neurodegenerative illnesses have reached the market.

KEYWORDS

topical ophthalmic pharmacokinetics, non-corneal absorption route, retina,
neovascular age-related macular degeneration, macula edema, rabbit, clinical trials

OPEN ACCESS

EDITED BY

Christian Waeber,
University College Cork, Ireland

REVIEWED BY

Tais Gratieri,
University of Brasilia, Brazil
Smrithi Padmakumar,
Scientist/Spark Therapeutics,
United States

*CORRESPONDENCE

Eva M. del Amo,
eva.delamo@uef.fi

SPECIALTY SECTION

This article was submitted to
Ophthalmic Drug Delivery,
a section of the journal
Frontiers in Drug Delivery

RECEIVED 27 May 2022
ACCEPTED 08 July 2022
PUBLISHED 08 September 2022

CITATION

del Amo EM (2022), Topical ophthalmic
administration: Can a drug instilled onto
the ocular surface exert an effect at the
back of the eye?
Front. Drug. Deliv. 2:954771.
doi: 10.3389/fddev.2022.954771

COPYRIGHT

© 2022 del Amo. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Abbreviations: AH, aqueous humor; AMD, age-related macular degeneration; AUC, area under the
curve of the concentration-time profile; BAB, blood–aqueous barrier; BRB, blood–retinal barrier;
DME, diabetic macular edema; DR, diabetic retinopathy; ICB, iris-ciliary body; IOP, intraocular
pressure; nAMD, neovascular age-related macular degeneration; NCT, National Clinical Trial;
NPCE, non-pigmented ciliary epithelium; PIE, posterior iris epithelium; RPE, retinal pigment
epithelium; RVO, retinal vein occlusion; VEGF, vascular endothelial growth factor; VH, vitreous humor.

Frontiers in Drug Delivery frontiersin.org01

TYPE Review
PUBLISHED 08 September 2022
DOI 10.3389/fddev.2022.954771

https://www.frontiersin.org/articles/10.3389/fddev.2022.954771/full
https://www.frontiersin.org/articles/10.3389/fddev.2022.954771/full
https://www.frontiersin.org/articles/10.3389/fddev.2022.954771/full
https://www.frontiersin.org/articles/10.3389/fddev.2022.954771/full
https://www.frontiersin.org/articles/10.3389/fddev.2022.954771/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fddev.2022.954771&domain=pdf&date_stamp=2022-09-08
mailto:eva.delamo@uef.fi
https://doi.org/10.3389/fddev.2022.954771
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org/journals/drug-delivery#editorial-board
https://www.frontiersin.org/journals/drug-delivery#editorial-board
https://doi.org/10.3389/fddev.2022.954771


1 Introduction

Topical instillation is the most common route of

administration for ophthalmic drugs (Hopkins, 2007a;

Neervannan, 2021). It is a non-invasive form of

administration, and the patients can administer the drops by

themselves. Ophthalmic topical drugs are indicated for several

diseases of the anterior segment of the eye; acute states such as

conjunctivitis, keratitis, and iritis; or chronic conditions, for

example, dry eye and glaucoma (Hopkins, 2007b). However,

topical administration is currently being actively investigated to

be applied in the treatment of ocular posterior segment diseases,

i.e., retinal diseases, such as age-related macular degeneration

(AMD), diabetic retinopathy (DR), diabetic macular edema

(DME), retinal vein occlusion (RVO), and optic neuropathy

glaucoma disease (Adams et al., 2018; Askew et al., 2018;

Joussen et al., 2019; Samanta et al., 2020; Sripetch and

Loftsson, 2021). The prevalence of these vision-threatening

illnesses is increasing with the aging of the population. For

example, AMD is expected to affect more than 280 million

people worldwide by 2040 (Wong et al., 2014). The

neovascular or wet AMD (nAMD) is an advanced form of the

disease with a severe loss of central vision due to formation of

abnormal, leaky blood vessels in the macula of the retina.

Macular edema can also result in patients developing

advanced DR or RVO diseases.

The current therapy to treat nAMD (and DR, DME, and

RVO) involves intravitreal injections of anti-angiogenic agents

targeting the vascular endothelial growth factor (VEGF), which is

a major contributor to the development of neovessels in the

macula. Regular intravitreal injections are required to retain the

nAMD patient’s vision; the dosing regimen depends on the phase

of the treatment, the drug, and the patient, but is relatively

frequent (Khanna et al., 2019). For this reason, the number of

intravitreal injections has increased all over the world, from

around 0.6 million in 2006 up to 22.3 million in 2017 (about a 40-

fold increase in 10 years) (del Amo, 2022; O’Rourke and Wilson,

2021; Market Scope). This is clearly a heavy burden for both

patients and healthcare systems, so alternative therapy strategies

are actively being investigated, with topical administration being

one of them.

Along with AMD and DR, glaucoma is one of the most

prevalent diseases leading to vision loss in aging populations, and

it is expected to affect more than 110 million people by 2040

(Tham et al., 2014). In this disease, the optic head nerve or disc is

progressively damaged, with a deterioration of the retinal

ganglion cells in this region and loss of the visual field. At

present, glaucoma is treated with topical medications that

decrease intraocular pressure (IOP) by targeting tissues in the

anterior segment of the eye (i.e., ciliary body and trabecular

meshwork). However, neuroprotective drug treatments acting in

the posterior segment of the eye are also being investigated to

prevent the death of cells in the optic disc (Chua and Goldberg,

2010; Shalaby et al., 2022).

Topical administration is an appealing route to treat these

chronic neurodegenerative diseases in the posterior segment of

the eye. This interest is reflected in the increasing number of

reviews recently published, sharing the same phrase: “Topical

drug delivery to the posterior segment of the eye” (Rodrigues et al.,

2018; Sripetch and Loftsson, 2021; Löscher et al., 2022), focusing

on nAMD, DR, DME, RVO, and glaucomatous optic neuropathy

therapies; similarly, this review focuses on the previously

mentioned diseases. However, although this route may seem

attractive, it faces many drug delivery problems since the

pharmacokinetic experiments of topical drugs indicate that

very low concentrations of the drug actually reach the neural

retina (Sigurdsson et al., 2005; Holló et al., 2006; Johannsdottir

et al., 2018).

In the present publication, the pharmacokinetic processes of

topical ophthalmic compounds, focusing on small molecular

weight drugs has been reviewed. The biologic drugs for

topical instillation are not of significance in the ophthalmic

market because of their poor penetration into the eye due to

their large molecular size.

Moreover, topical ophthalmic drug delivery systems for

treatment of retinal diseases (e.g., contact lenses, liposomes,

nanoparticles) have not yet reached the stage where they

could undergo clinical trials. For this reason, they are beyond

the scope of the present review. However, the pharmacokinetic

processes described within the present publication can

contribute to understanding the fate of the fraction of the

drug that has been solubilized and released from these more

sophisticated systems.

A description of the relevant anatomical barriers and

physiological parameters after topical drug administration

is provided for both human and rabbit eyes. Rabbits have

been extensively used as experimental animals in studies

attempting to clarify ocular pharmacokinetics (del Amo

et al., 2015; Maurice et al., 1984); the rabbit’s eye displays

many anatomical and physiological similarities to the

human eye. In addition, in this review, details of how the

non-corneal absorption route could be exploited as the access

route of a drug to the posterior segment of the eye are

presented.

Additionally, the sparse posterior pharmacokinetic data of

topical ophthalmic drugs presently available in the literature are

reviewed, from both rabbits and humans. Some limitations of

extrapolating the existing rabbit pharmacokinetic data toward

advancing retinal treatment in patients are considered, and

description of areas where there is scope for improvement is

given. The same strategies can be applied to other animal models.

Last, the past and the present clinical trials which have

investigated “Topical drug delivery to the posterior segment of

the eye” are reviewed and discussed.
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2 Topical pharmacokinetics of
ophthalmic formulations

Broadly, topical ophthalmic formulations include liquid,

semi-solid, and solid forms (Hopkins, 2007a; Alghamdi et al.,

2020). However, the present work focuses on liquid formulations,

one of the most common ophthalmic formulations including

both solutions and suspensions. If any of the ophthalmic

formulations discussed within this review contain adjuvants

(such as solubilizers or viscosity enhancers), their names will

also be detailed since they affect the free (solubilized) drug

pharmacokinetics.

After the administration of an eye drop onto the ocular

surface, the drug’s fate is determined by how it copes with the

eye’s protective mechanisms, flows, and barriers. The free drug’s

passage through the eye is subjected to the following

pharmacokinetic events: 1) drug clearance from the ocular

surface (including non-productive absorption), 2) drug

absorption into the inner tissues of the eye (productive

absorption), and 3) drug distribution within the eye and

clearance from the ocular tissues into the systemic circulation.

These processes are described in the following sections.

2.1 Drug clearance from the ocular surface

A schematic representation of the anterior part of the eye is

shown in Figure 1, including the lacrimal secretion and drainage

systems and the drug clearance paths from the ocular surface.

The tear volume present in the cul-de-sac of the human eye

has been estimated to be 6.2 µl (Mishima et al., 1966), while the

instilled volume of an ophthalmic formulation drop may be up to

nine times this volume; eye drops have volumes ranging from

25 to 56 µl (Lederer and Harold, 1986). Upon instillation, the

excess volume is rapidly drained into the nasolacrimal system

with most of the drug washed out from the ocular surface until it

achieves a physiological tear volume of 6.2 µl. Moreover, a

lacrimation reflex may be induced, with an increase in the

tear turnover rate. The tear flow value may increase to 50 μl/

min in humans, and the maximum has been estimated to be not

greater than 100 μl/min (Mishima et al., 1966; Sahlin and Chen,

1996).

Other mechanisms such as blinking may also increase

solution drainage and spillage, and some of the formulation’s

properties can increase the lacrimation reflex (formulations

with a non-physiological pH of 7.4 and/or tonicity of

300 mOsm/kg) (Urtti and Salminen, 1993; Järvinen et al.,

1995). It is also well known that the smaller the drop volume,

the less drug that will be lost via the drainage mechanism

(Chrai et al., 1973). Eventually, the increased tear flow slows

down until it reaches its basal value (1.2 μL/min) a few

minutes after instillation (Mishima et al., 1966). The initial

drainage and induced lacrimation, along with the basal tear

flow, contribute to drug dilution and clearance via the

nasolacrimal drainage system. This comprises the puncta,

canaliculi, lacrimal sac, and the nasolacrimal duct, which

empties into the nasal cavity (Figure 1), where the drug

will be absorbed mainly in the nasal mucosa epithelium

and thus reaches the systemic circulation. To a lesser

extent, drug absorption may happen further down in the

epithelia of the nasopharynx or gastrointestinal tract (Urtti

and Salminen, 1993).

FIGURE 1
Schematic representation of the anterior part of the eye and the drug clearance routes from the ocular surface: 1) via nasolacrimal drainage and
2) via the conjunctival membrane and the blood/lymphatic vessels into the systemic circulation (a: in rabbits, b: in humans).
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Another important route of drug clearance is via permeation

through the conjunctival membrane (i.e. non-productive

absorption). This translucent tissue covers the exposed eyeball

from the region limiting the cornea (limbus) to the lining of the

inner part of the eyelids. It is larger and more permeable than the

cornea and rich in blood and lymphatic vessels (Ramsay et al.,

2018; Remington and Goodwin, 2021). Rabbit conjunctiva allows

permeation of molecules of 20 kDa (~3.2 nm) through the

paracellular pore (Huang et al., 1989), with a surface area

~nine times the corneal counterpart (Watsky et al., 1988).

Moreover, metabolism may take place for drugs that are

substrates of esterases (as observed in rabbit and porcine

conjunctiva) (Heikkinen et al., 2018; Hammid et al., 2021).

Most of the drugs absorbed in the conjunctiva will reach the

conjunctival vessels and be effectively cleared into the systemic

circulation.

Overall, most of the instilled drug reaches the systemic

circulation via the nasolacrimal route or the non-productive

conjunctival absorption, and these dominate over the

productive absorption and may well lead to toxicity (Urtti

and Salminen, 1993; Järvinen et al., 1995).

These processes are schematically presented in Figure 1,

which also displays some physiological values related to the

human or the rabbit eye. In rabbits, the physiological volume

of tear fluid is estimated to be around 7.5 µl, with a tear

turnover flow of 0.53 μl/min, while the rate constant of

drainage for an instilled volume of 25 μl has been estimated

to be 0.545 min−1 (Chrai et al., 1973). Based on rabbit

experimental data, some estimates for drug conjunctival

clearances have been determined; these vary depending on

the physicochemical properties of the compounds: 2.9 μl/min

(for inulin), 10.4 μl/min (for timolol), and 32 μL/min (for

dexamethasone) (Ahmed et al., 1987; Balla et al., 2022).

2.2 Into the eye: productive absorption

The anatomy of the eye is shown in Figure 2 depicting the

anterior segment tissues (cornea, aqueous humor, iris, ciliary body,

and lens), posterior segment tissues (vitreous humor, retina, and

choroid), and the blood-ocular barriers (blood-aqueous barrier,

BAB, and blood-retinal barrier, BRB).

The fraction of drug that escapes from the “first-pass-

clearance” (2.1) may permeate into the eye via two routes: the

corneal route (across the cornea) and the non-corneal route

(across the conjunctiva-sclera).

2.2.1 Corneal absorption route
The cornea is a transparent and avascular tissue in front of

the eye and comprises the corneal epithelium, Bowman layer,

stroma, Descemet membrane, and endothelium. The relative

thickness of the corneal epithelium compared to the stroma

and endothelium is 1:10:0.1. It contains tight intercellular

junctions which represent the main barrier to the penetration

FIGURE 2
Schematic representation of the anatomy of the eye depicting the blood–ocular barriers and the target tissues for treatments ofmacular edema
and glaucoma (macula and optic disc, respectively) (dashed circles). The ocular membranes containing tight junctions are shown in boxes. AH:
aqueous humor, NPCE: non-pigmented ciliary epithelium, and PIE: posterior iris epithelium.
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of topical compounds (Figure 2). For example, inulin (5 kDa,

~1.2 nm) cannot diffuse through the intercellular spaces of the

rabbit corneal epithelium (Huang et al., 1989). Extensive drug

permeability studies have been carried out with excised cornea

tissue from different animal species (see data collections

(Prausnitz and Noonan, 1998; Kidron et al., 2010; Loch et al.,

2012; Ramsay et al., 2018)). Lipophilic drugs cross the cornea

more effectively than hydrophilic compounds, and the

permeabilities in the investigated species follow the trend of

rabbit > porcine > bovine (Loch et al., 2012; Ramsay et al., 2018),

with human corneal permeation expected between rabbit and

porcine values, possibly because of differences in corneal

thicknesses (Agarwal and Rupenthal, 2016).

Once the drug reaches the aqueous humor, it distributes to

the surrounding tissues (cornea, lens, and iris-ciliary body) or is

cleared via aqueous humor outflow through the trabecular

meshwork into Schlemm’s canal, reaching the venous and

lymphatic capillaries and then the systemic circulation

(Figure 3). The aqueous humor outflow value for rabbits is

0.18 ml/h (3 μl/min) (Barany and Kinsey, 1949) and 0.14 ml/h

(2 μL/min) for humans (Brubaker, 1982).

A drug that distributes into the vascularized iris-ciliary

body tissue can permeate into the blood vessels. The blood

flow in rabbit iris is 3.72 ml/h, and in the ciliary body, it is

4.91 ml/h (Nilsson and Alm, 2012). The corresponding values

in monkeys are 1.02 ml/h and 5.34 ml/h, respectively (Alm

and Bill, 1973). The iris-ciliary muscle vessels constitute the

outer BAB (excluding the ciliary process vessels). Therefore,

the clearance will be faster for lipophilic drugs more able to

cross the BAB than hydrophilic drugs (Figure 2) (Fayyaz et al.,

2020a; Fayyaz et al., 2020b). Drug diffusion from the iris-

ciliary body back to the aqueous humor is unlikely for

lipophilic drugs but may occur for compounds that are

hydrophilic or have low permeability properties across

biological membranes (e.g., atenolol or brinzolamide)

(Fayyaz et al., 2020a; Naageshwaran et al., 2021).

The drug can also back-diffuse from aqueous humor into the

cornea (Araie et al., 1982; Acheampong et al., 1995a; Fayyaz et al.,

2020b). This has been observed for lipophilic drugs, when the

drug exposure (area under the curve of the concentration-time

profile, AUC) was measured in the corneal epithelium for three

topical beta-blockers in the rabbit eye, and the most lipophilic

drug, betaxolol, had a seven times higher AUC0 to ∞ than the

more hydrophilic compound, atenolol (Fayyaz et al., 2021). In

addition, some fraction of the drug in the cornea may diffuse

laterally to the sclera.

Intracameral pharmacokinetic studies (drug injection into

the anterior chamber) can provide a better understanding of

topical drug kinetics and allow the calculation of the absolute

aqueous humor bioavailability of topical drugs; this has been

demonstrated to be typically less than 4% (Fayyaz et al., 2020b;

Naageshwaran et al., 2021; Naageshwaran et al., 2022). After

intracameral injection, the same kinetic pathways shown in

Figure 3 are present with the obvious exclusion of pathway 1

(corneal absorption). Intracameral lipophilic drugs also have

to undergo corneal partitioning (Naageshwaran et al., 2022;

del Amo et al., 2022), while lens partitioning is less relevant

(del Amo et al., 2022), for example, the AUC0–5h cornea/

aqueous humor for acetaminophen was five times and for

brimonidine seven times the corresponding AUC0–5h lens/

aqueous humor. Interestingly, the same drugs injected in the

vitreous humor (using a dose to acquire similar initial

concentrations) achieved three times higher lens

partitioning than after intracameral administration (del

Amo et al., 2022), showing that lens access is more

favorable from the vitreous than from the anterior chamber.

Even though drug distribution from the aqueous humor into

the vitreous has been proposed after topical administration

(Boddu et al., 2014; Sripetch and Loftsson, 2021; Löscher

et al., 2022), this path seems unlikely. Drug diffusion from the

FIGURE 3
Schematic representation of the corneal route
pharmacokinetics. 1: drug corneal absorption into the aqueous
humor (AH); 2: drug distribution into the iris and ciliary body and
clearance into the vessels and the systemic circulation; 3:
clearance by the aqueous humor flow via the trabecularmeshwork
into Schlemm’s canal reaching the venous and lymphatic systems;
4: distribution to the cornea; and 5: distribution to the lens.
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aqueous humor through the pupil into the posterior chamber

would be in the opposite direction to the aqueous humor flow,

and the lens further acts as a barrier, limiting the drug’s

circulation (Schoenwald et al., 1997; Fayyaz et al., 2021).

Moreover, the drug lenticular distribution is observed only in

the outermost lens layers capsule, epithelium (only present

anteriorly), and the external cortex fibers (Heikkinen et al.,

2018). Therefore, a drug is not expected to cross the lens and

reach the vitreous, but back-diffusion into the anterior chamber

is more likely.

2.2.2 Non-corneal absorption route
Topically applied ophthalmic drugs may be absorbed via

the non-corneal absorption route crossing the bulbar

conjunctiva and the anterior sclera into the uveal tract,

with the drug reaching the iris-ciliary body bypassing the

aqueous humor (Ahmed and Patton, 1985; Ahmed and

Patton, 1987) (Figure 4). This route is important for drugs

with poor permeation across the cornea, such as hydrophilic

drugs (Fayyaz et al., 2021) and large molecules such as inulin

(5 kDa, ~1.2 nm) (Ahmed and Patton, 1985; Ahmed and

Patton, 1987).

The sclera is the connective tissue containing primary

collagen fibrils that protect and support the eye. The relative

scleral permeability of hydrophilic polyethylene glycol

oligomers (0.2–1 kDa) compared to the cornea and bulbar

conjunctiva was 10:1: ~20 (Hämäläinen et al., 1997), while

for the small lipophilic drug, timolol, the relative

relationship was different, 5:1:2 (Ahmed et al., 1987). The

scleral permeabilities of a set of compounds with a wide

range of molecular weights (0.3–150 kDa, 0.5–8.25 nm) were

similar between rabbits and humans but greater than that in

bovine sclera (Ambati et al., 2000).

After crossing the anterior sclera, the drug then diffuses

into the uveal tract, the vascularized and melanin-containing

layer, that comprises the iris, ciliary body (anterior uvea),

and choroid (posterior uvea), with the latter providing

nutrition to the outer retina. These routes of drug

diffusion are depicted in Figure 4. The most probable path

for the topical drugs to enter the posterior tissues is via the

non-corneal route as described previously by Ahmed and

Patton, (1985); Ahmed and Patton, (1987), that is, the drug

permeates across the anterior sclera through the

suprachoroidal space and reaches the choroidal tissue. The

choroid is a vascular and connective tissue layer that consists

primarily of large and highly fenestrated blood vessels, with

the highest blood flow per unit weight compared to any other

tissue in the body (Alm and Bill, 1973), being 62 ml/h in

rabbits (Nilsson and Alm, 2012) and 43 ml/h in humans

(Sebag et al., 1994). Therefore, most of the drug that enters

FIGURE 4
Schematic representation of the non-productive conjunctival absorption of a drug (1) and the non-corneal absorption route with drug
permeation through the conjunctiva and sclera, (2) reaching the iris-ciliary body, from the sclera to the choroid (3), only a small fractionmay cross the
RPE (retinal pigment epithelium) to penetrate the peripheral retina. The target tissues for the treatments of macular edema and glaucoma (macula
and optic disc, respectively) are marked with dashed circles.
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the choroid will be cleared by the choroidal blood flow, and

only a small fraction may cross the outer BRB, that is, passing

through the retinal pigment epithelium (RPE) to penetrate

the peripheral inner retina.

2.3 Further inside

The main mechanism of drug movement through the

ocular tissues via the non-corneal route is by paracellular

or transcellular diffusion according to the concentration

gradient, until the drug enters the blood vasculature of the

uveal tract. It is unlikely that a drug may diffuse along the

sclera (pure diffusion without convective transfer, i.e., ocular

fluid flow) to the target tissues at the back of the eye (Figure 4:

from 3 to the macula or optic disc).

A simplification of the ocular venous drainage is shown in

Figure 5, although in reality, the eye’s vascular organization is far

more complicated. The orbital vascular bed is also highly complex,

with extensive interindividual variations (Hayreh, 2006).

Furthermore, additional ocular flows may be present, and these

may also affect the ocular drug distribution in the posterior segment.

For example, aqueous humor flow from the anterior chamber into

the ciliary muscle has been described to reach the supraciliary and

suprachoroidal spaces and then further into the choroidal vessels

and vortex veins (Sherman et al., 1978). Interestingly, Ahmed et al.

(Ahmed and Patton, 1985; Ahmed and Patton, 1987) proposed that

drug back-diffusion from the local ocular vasculature to the

surrounding posterior tissues may occur, before the drug exits

the eye from the vortex and anterior ciliary veins (Figure 5).

However, the contribution of such a route is difficult to measure,

and the authors concluded that its impact was not meaningful

according to the complicated experiments they conducted (Ahmed

and Patton, 1985; Ahmed and Patton, 1987).

Ahmed et al. also investigated the effect of drug return from

the systemic circulation after a single-drop instillation of two

radioactively labeled compounds, timolol and inulin, in albino

rabbits. Most of the tissue levels measured in the contralateral eye

corresponded to a mere 1% of those in the dosed eye (at 20 min’

post-instillation when the maximum concentrations were

observed in the ocular tissues). The ocular drug levels after i.v.

injection of the same dose were also compared; there was only 5%

of the concentration observed in the topically treated eye for

timolol (at 20 min), and the extent of inulin return was even less

than for timolol because of the difficulty of inulin to penetrate the

blood-ocular barriers (Ahmed and Patton, 1985; Ahmed and

Patton, 1987). In another topical pharmacokinetic experiment

with timolol, now carried out in pigmented rabbits, the drug

accumulated in the iris-ciliary body in the untreated contralateral

eye after a topical multi-dose dosage (twice for 6 days, at 4h

after the last drop) (Huupponen et al., 2009). Timolol is a

melanin binder, and this is a relevant factor impacting the

pharmacokinetics of drugs topically administered to the eye.

Drugs with an affinity for melanin can be retained longer in

the ocular melanin-containing cells of the uveal tract and

RPE, and this impacts their topical pharmacokinetics and

pharmacodynamics (Rimpelä et al., 2018a).

Last, ocular metabolism may influence the

pharmacokinetics of topical ophthalmic drugs. However, in

a recent comprehensive study of ocular pharmacokinetics in

rabbit, the metabolism of four drugs was quantified

(acetaminophen, brimonidine, cefuroxime axetil, and

FIGURE 5
Schematic representation of the ocular venous drainage: 1) from conjunctiva and Schlemm’s canal vasculature draining to the episcleral veins
and the anterior ciliary vein, and 2) from the iris, ciliary body vessels, and the choriocapillaris, blood drains into the vortex vein before exiting
equatorially from the eye. The ciliary body blood also partly drains into the episcleral veins. The anterior ciliary veins and the vortex vein, posteriorly
within the sclera, reach the inferior and the superior ophthalmic veins of the orbit (Chiou et al., 1989; Anand-Apte and Hollyfield, 2010). The
target tissues for the treatments of macular edema and glaucoma are marked with dashed circles.
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sunitinib) in six different ocular tissues (del Amo et al., 2022);

metabolism was relevant only for those drugs that were a

substrate of esterases (cefuroxime axetil), while enzymatic

activity for those drugs metabolized by sulfotransferase

(acetaminophen), aldehyde oxidase (brimonidine), or

CYP3A (sunitinib) was found to be very low. In fact, the

metabolite exposure in most ocular tissues was 12–103 times

smaller than the exposure to the parent drug, so the impact of

metabolism on drug clearance from the eye could be

considered negligible (del Amo et al., 2022).

3 From preclinical studies to clinics:
considerations and questions still to
be answered

Animal models are necessary to acquire knowledge of retinal

disease in patients and clarify the pharmacokinetics and

pharmacodynamics of new topical ophthalmic therapies.

Commonly, rodents and larger animals, mostly rabbits and

monkeys, are used for those purposes (Rodrigues et al., 2018;

Löscher et al., 2022). The pharmacodynamic or efficacy studies

are typically carried out in rodents (e.g., oxygen-induced mouse

retinopathy and rat laser-induced choroidal neovascularization

for nAMD). However, it is well known that positive efficacy

results in rodents cannot be directly translated to patients due to

the anatomical and physiological differences between mice/rat

eyes and the human eye (del Amo et al., 2017; Rodrigues et al.,

2018; Löscher et al., 2022). Therefore, further investigations are

required in larger animals. For example, when developing

regorafenib eye drops for nAMD, monkey laser-induced

choroidal neovascularization was used along with the rodent

models (Boettger et al., 2015; Klar et al., 2015). However, despite

the positive efficacy result obtained also in monkeys (25 µl drop

twice daily for 2 weeks, 20 mg/ml), the clinical trial of topical

regorafenib (40-50 μL twice daily for 2 weeks, 20 mg/ml) revealed

a lack of efficacy in nAMD patients, and the trial was

discontinued (NCT02222207). The most likely reason for the

termination was insufficient drug exposure in the retina of the

patients (Joussen et al., 2019). This highlights that not only

pharmacodynamic but also pharmacokinetic studies in larger

animals are required, taking into account how challenging it is to

obtain an appropriate animal model for many ocular diseases.

Later, Horita et al. observed that topical regorafenib treatment

was effective in laser-induced choroidal neovascularization in

rats but not in monkeys, as the pharmacokinetic studies on the

latter species showed concentrations of regorafenib in the retina

that were below the limit of quantification (BLQ<3 ng/g) 4 h after
the instillation of a regorafenib 50 µl drop (17.1 mg/ml) (Horita

et al., 2019).

Further regarding the preclinical pharmacokinetic studies

performed on rabbits, it is surprising to note that a common

procedure when investigating topical retinal treatments is the

pooling together of choroid and retina tissues and then

measuring the average drug concentration in both tissues

(Shikamura et al., 2016; Askew et al., 2018; Horita et al., 2019;

Huang et al., 2021). However, this makes it difficult to conclude

the real drug exposure exclusively in the neural retina. In several

extensive studies on ocular distribution after topical drug

solution instillation, choroid-retina concentrations have been

typically measured (Araie et al., 1982; Acheampong et al.,

1995b; Acheampong et al., 2002) or alternatively only vitreous

concentrations have been analyzed from the posterior segment

(Urtti et al., 1990; Fayyaz et al., 2021).

When comparing drug concentrations observed in the

vitreous humor and the tear fluid, there is a major difference,

i.e., humor concentration is as low as 1/10,000 of the

concentration in the tear fluid (Urtti et al., 1990; Fayyaz et al.,

2021). The vitreal levels may provide an estimate of the free drug

concentration available at the back of the eye since binding levels

of drugs in the vitreous seem to be relatively low (Schauersberger

and Jager, 2002; Petternel et al., 2004; Rimpelä et al., 2018b;

Kompella et al., 2019).

A compilation of topical pharmacokinetics studies of ophthalmic

formulations in rabbits and patients is presented in Table 1 (as a

color image in the SupplementaryMaterial), where concentrations of

the drug in the vitreous and, when available, in the neural retina are

presented (corresponding to the maximum reported concentration

in rabbits and the available values from patients).

The rabbit study collection is non-exhaustive but intends to

be representative of the variety of drugs investigated in albino

and pigmented eyes (Urtti et al., 1990; Acheampong et al., 2002;

Sigurdsson et al., 2005; Chastain et al., 2016; Askew et al., 2018;

Johannsdottir et al., 2018; Fayyaz et al., 2021), while the patient

data are comprehensive and obtained from patients who

underwent enucleation or vitrectomy surgery for therapeutic

reasons (Kent et al., 2001; Holló et al., 2006; Heier et al.,

2009). Only patients with a healthy status of the lens (phakic)

were selected since it is known that the lack of a lens affects ocular

pharmacokinetics (Maurice et al., 1984; Mandell et al., 1993). The

concentrations shown in Table 1 correspond to post-surgery

measurements after a multi-dose administration of commercial

formulations, with the last drop instillation made within 2–12 h

before the surgery.

From rabbit studies, among all drugs shown in Table 1, the

highest measured concentration in the neural retina was obtained

for dorzolamide, 2.8 µM (0.9 μg/ml) after instillation of the

highest dose (3 µmol) (Sigurdsson et al., 2005). Drug retinal

concentrations were higher than the vitreal ones for the same

drug, and a similar trend can be seen after intracameral

pharmacokinetic studies (del Amo et al., 2022), supporting the

idea of drug penetration from the non-corneal route probably

from the retina to the vitreal cavity.

Brimonidine multi-dose was the treatment that showed the

highest concentration in vitreous per nmol-dose among all the

rabbit studies (Acheampong et al., 2002). When this treatment is
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TABLE 1 Drug concentration in vitreous humor and retina after topical ophthalmic administration in rabbits (the maximum reported value in the concentration-time profile, n = 3–6) and in patients who
underwent enucleation or vitrectomy surgery for a therapeutic need (the concentrations measured post surgery after a multi-dose administration of the commercial formulation, n = 3–10).

Drug Formulation Rabbit
n = 3–6

Drop volume, regimen Concentration Amount Vitreal
concentration

Neural retinal
concentration

% (mg/ml) mM μg nmol μg/mL nM μg/mL nM

Timolola solution pigmented 25 μL, single 0.5% (5 mg/ml) 16 125 395 0.083 262

Brimonidinea solution pigmented 35 μL, single 0.5% (5 mg/ml) 17 175 599 0.049 169

solution pigmented 35 μL, multiple: twice/d for 14 d 0.5% (5 mg/ml) 17 175 599 0.124 424

Dorzolamide Trusopt® solution with hydroxyethyl cellulose pigmented 50 μL, single 2% (20 mg/ml) 62 1000 3080 0.200 616 0.900 2770

SF0166 solution containing sulfobutyl ether f3-cyclodextrin,
5 wt%

pigmented 50 μL, single 2.5%
(25 mg/ml)

44 1250 2210 0.352 623

Dexamethasone suspension of y- cyclodextrin aggregates pigmented 50 μL, single 1.5%
(15 mg/ml)

38 750 1910 0.063 158 0.201 512

pigmented 50 μL, multiple: three times/d
for 15 d

1.5%
(15 mg/ml)

38 750 1910 ~0.063 ~158 ~0.201 ~512

Nepafenac ~Nevanac® suspension with formation of amfenac albino 30 μL, single 0.1% (1 mg/ml) 3.9 30.0 118 0.00012 0.46 0.03 (0.00069)b 110 (2.72)b

amfenac: 0.00008 0.31 0.003
(0.00019)b

10.9
(0.765)b

Atenolola solution albino 25 μL, single ~0.5%
(5 mg/ml)

20 133 500 0.002 7.00

Timolola solution albino 25 μL, single ~0.3%
(3 mg/ml)

10 79.1 250 0.003 11.0

Betaxolola solution albino 25 μL, single ~0.3%
(3 mg/ml)

10 76.9 250 0.004 13.0

Drug Formulation Patients ~ Drop volume, regimen Concentration Amount Vitreal
concentration

Neural retinal
concentration

% (mg/ml) mM μg nmol μg/mL nM μg/mL nM

Betaxolol Betotopic S® suspension Phakic n = 7 35.μL, multiple: twice/d for 28 d 0.25% (2.5 mg/ml) 8.1 87.5 285 0.004 13.3 0.066 213

Brimonidine Alphagan™ solution Phakic n = 3 35 μL, multiple: two or three times/d for >28 d 0.2% (2 mg/ml) 6.8 70 240 0.003 9.30

Ketorolac Acular LS® solution Phakic n = 10 35 μL, multiple: four times/d for 3 d 0.4% (4 mg/ml) 15.7 140.0 548 0.028 110

Bromfenac Xibrom™ solution Phakic n = 8 35 μL, multiple: twice/d for 3 d 0.09% (0.9 mg/ml) 2.7 31.5 94.3 0.001 2.87

Nepafenac Nevanac® suspension with formation of amfenac Phakic n = 8 35 μL, multiple: three times/d for 3 d 0.1% (1 mg/ml) 3.9 35.0 138 0.001 4.33

amfenac: 0.002 7.83

These compounds belong to: 1) anti-glaucoma drugs: the beta-blockers timolol, atenolol, and betaxolol (Urtti et al., 1990; Fayyaz et al., 2021), brimonidine an α2 adrenoceptor agonist and putative neuroprotector (Acheampong et al., 2002), dorzolamide—an

inhibitor of the carbonic anhydrase enzyme II (Sigurdsson et al., 2005), and 2) anti-inflammatory drugs: the steroid dexamethasone (Johannsdottir et al., 2018) and non-steroidal compounds such as the nepafenac prodrug, amfenac, ketorolac, and

bromfenac (Kent et al., 2001; Holló et al., 2006; Heier et al., 2009; Chastain et al., 2016), and 3) anti-angiogenic SF0166 candidate, αvβ-3 integrin inhibitor (Askew et al., 2018). (a): drugs in solution without coadjuvant, (b): values outside the brackets are

concentrations in the region of the neural retina bordered by the ora serrata and the equator and values inside the brackets correspond to concentrations in the neural retina posterior to the eye equator and are inclusive of the posterior pole, d: days.
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compared to the dosing schedule in patients (Kent et al., 2001)

(2.5 higher doses in rabbits than in patients, at similar dose

intervals), the rabbit vitreal concentrations were as much as

46 times higher than those achieved in humans. This

emphasizes the impact of the anatomical differences between

rabbit and human eyes, in line with the expectation of

higher ocular posterior drug exposure in the smaller eye of

the rabbit.

The effect of melanin on drug distribution in the posterior

ocular tissues was evident when the concentrations of timolol in

pigmented and non-pigmented rabbits were compared (Urtti

et al., 1990; Fayyaz et al., 2021). The beta-blockers timolol,

atenolol, and betaxolol are melanin binders, as is brimonidine

(Pelkonen et al., 2017; Rimpelä et al., 2018a), leading to longer

retention of these drugs in the pigmented tissues. Similarly, the

multi-dose administration of a topical dexamethasone

formulation did not lead to higher levels in the posterior

tissues than a single dose (Johannsdottir et al., 2018) because

dexamethasone is a relatively low melanin binder (Pelkonen

et al., 2017). This was not the case for brimonidine, which

resulted in a higher drug concentration after the multi-dose

regimen in the pigmented rabbit (Acheampong et al., 2002),

despite administration of a three times smaller nmol-dose as

compared to dexamethasone and less frequent dosing. Melanin

binding can influence drug pharmacokinetics and for this reason,

it is also important to carry out topical pharmacokinetic studies

in pigmented rabbits, especially when the drug candidate

targeting the back of the eye is known to bind to melanin.

Another crucial aspect when designing pharmacokinetic

studies concerns the dissection of the ocular tissue. The neural

retina should be dissected without the presence of RPE or

choroid, and importantly, drug exposure in the target tissue of

the disease investigated must be measured. For nAMD, this

means the macula that corresponds in the rabbit to the visual

streak of the rabbit’s retina (Yu and Cringle, 2004), while for

glaucoma, the retina around the optic head nerve is the region to

be dissected separately from the rest of the neural retina. While

this will provide useful information on whether the

concentrations are at a therapeutical level in the target sites, it

is rarely carried out. Exceptionally, Chastain et al. (2016)

investigated the ocular distribution of the prodrug nepafenac

and its more active form, amfenac, separately in the peripheral

and central retina of albino rabbit eyes. In that experiment, an eye

drop of a nepafenac suspension was instilled with an identical

composition to the commercial formulation Nevanac®, but only
extremely low levels of nepafenac and amfenac were detected in

the central retina (Table 1).

Among the few drug concentrations available from clinical

studies (Kent et al., 2001; Holló et al., 2006; Heier et al., 2009),

there are only data from betaxolol in the neural retina, and it is in

the nM range (213 nM, 0.07 μg/ml) (Table 1) (Holló et al., 2006).

Ketorolac was found to have the highest concentration in the

vitreous (110 nM), and it has also displayed the highest vitreal

concentration/dose ratio in the clinical data (Heier et al., 2009).

The vitreal concentration of betaxolol in patients after multi-dose

administration (Holló et al., 2006) was almost identical to the

TABLE 2 Recent or ongoing clinical trials (ClinicalTrials.gov) of topical ophthalmic formulations to treat illnesses in the posterior segment (nAMD, DR,
and DME).

Clinical
trial

Compound and
intervention

Study
phase

Patients
enrolled
and illness

Status Sponsor

NCT03479372 PAN-90806 (tyrosine kinase inhibitor) ophthalmic
suspension (drop of 2, 6, 10 mg/ml once daily, 12 weeks)

Phase 1/2 51 nAMD Completed June 2019 PanOptica

NCT02475109* PAN-90806 ophthalmic solution (drop once daily, 8 weeks) Phase 1 10 DR Completed July 2016 PanOptica

NCT02022540* PAN-90806 ophthalmic solution (drop once daily and
lucentis injection after 8 weeks of topical treatment)

Phase 1 50 nAMD Completed May 2016 PanOptica

NCT02914613 SF0166 (integrin inhibitor) ophthalmic solution (drop of
25, 50 mg/ml twice daily, 28 days)

Phase 1/2 44 DME Completed May 16 2017 OcuTerra Therapeutics
(formerly Scifluor Life
Sciences)

NCT02914639 SF0166 ophthalmic solution (drop of 25, 50 mg/ml twice
daily, 28 days)

Phase 1/2 44 nAMD Completed June 26 2017 OcuTerra Therapeutics
(formerly Scifluor Life
Sciences)

NCT05343156 OCS-01 (dexamethasone) ophthalmic suspension
(15 mg/ml) (three times daily for 12 weeks)

Phase 2 144 DME Completed March 2019 Oculis

NCT05066997 OCS-01 ophthalmic suspension (15 mg/ml) versus
vehicle. Stage 1: two dosing regimens, 6 weeks. Stage 2:
selected regimen 52 weeks

Phase 2/3 482** DME Recruiting Estimated Study
Completion on 30 August
2024

Oculis

Phase 1: safety and tolerability, Phase 2 and Phase 3: efficacy.

*: not progressing interventional study.

**: estimated number of patients to enrol.
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value obtained in albino rabbits after a single administration

of a similar dose (Fayyaz et al., 2021). This is evidence of a

relatively lower drug exposure in the eyes of human patients

than in albino rabbits, considering the multi-dose regimen

and betaxolol retention in the pigmented tissues which were

present in the clinical study. It would be expected that higher

betaxolol concentrations would be present in the posterior

segment of a pigmented rabbit eye after single- and multi-

dose instillations, as was reported in pharmacokinetic studies

with brimonidine (Kent et al., 2001; Acheampong et al., 2002).

Another aspect to be taken into account when analyzing

drug concentrations in the ocular tissues is to measure

unbound drug concentrations. Only the free drug will exert

an effect, and this is especially important for drugs that bind to

melanin (Acheampong et al., 2002; Rimpelä et al., 2018a) or to

other ocular sites, e.g., sunitinib. Not only is sunitinib a high

melanin binder, but it also underwent high ocular partition to

several ocular sites in albino rabbit pharmacokinetic studies

e.g., to the cornea, iris-ciliary body, and retina after

intracameral and intravitreal injections (del Amo et al., 2022).

A major challenge that hampers the interpretation of

pharmacokinetic experiments is knowing the real therapeutic

concentration of the drug in vivo. It is well known that a drug’s

IC50 values obtained from in vitro assays are lower than in the in

vivo situation, andmultiplying its value by a factor of 100 to avoid

underestimation is typically carried out (as shown in patent WO

2014/152959 Al) (Astafieva et al., 2014). More research is needed

to obtain reliable in vitro–in vivo extrapolations to define the

clinical therapeutic concentrations in the ocular target sites.

Regarding pharmacodynamic studies in rabbits, one should

notice that there is a paucity of reliable disease animal models for

nAMD in rabbits. While neovascularization induced by laser in

rabbits is almost impossible, after intravitreal angiogenic factor

injection it is only temporary (Lau et al., 2018), and it is

important to demonstrate if neovascularization is present in

the untreated control disease animal when conducting an

efficacy study.

The pharmacokinetic translatability from rabbit to human

eyes after topical ophthalmic administration has not yet been

established, while for other routes, e.g., intravitreal is available

TABLE 3 Terminated or not progressing clinical trials to treat posterior segment illnesses (nAMD, DR, DME, or macula edema and glaucoma) after
topical administration.

Compound Mechanism of
action

Clinical
trial

Phase Patients enrolled and
illness

Completion
date

Sponsor

Acrizanib (LHA510) tyrosine kinase inhibitor as
anti-angiogenic

NCT02076919 Phase 1 110 nAMD Dec 2017 Alcon, a Novartis
Company|Alcon
Research

NCT02355028 Phase 2 136 nAMD Oct 2016

Squalamine Lactatea

(MSI-1256F)
anti-angiogenic amino sterol
derived from the cartilage of
the dogfish shark

NCT02727881 Phase 3 230 nAMD April 2016 Ohr
Pharmaceutical Inc.

Dexamethasone and
iontophoresis

glucocorticoid as anti-
inflammatory

NCT02485249 Phase
1/2

25 Macular edema June 2016 Eyegate
Pharmaceuticals, Inc.

Regorafenib tyrosine kinase inhibitor NCT02222207 Phase 2 52 Macular degeneration June 2015 Bayer

(540 were originally estimated)

Dexamethasone in
cyclodextrin
microparticles

glucocorticoid NCT01523314 Phase
2/3

40 DME Feb 2013 King Saud University

Pazopanibb tyrosine kinase inhibitor NCT01362348 Phase 2 19 Macular degeneration April 2012 GlaxoSmithKline

FOV2304 kinin B1 receptor antagonist
as anti-angiogenic

NCT01319487 Phase 2 267 DME June 2012 Fovea
Pharmaceuticals SA

Mecamylamine
(ATG003)

nicotine receptor antagonist as
anti-angiogenic

NCT00607750 Phase 2 60 nAMD May 2010 CoMentis

NCT00536692 Phase 2 DME April 2008

TG100801 tyrosine kinase inhibitor
prodrug

NCT00509548 Phase 2 7 Macular degeneration and
choroidal
neovascularization

March 2008 TargeGen

NCT00414999 Phase 1 44 Macular degeneration
and DR

Feb 2007

Brimonidine α2 adrenoceptor agonist as a
neuroprotective agent

NCT00466479 Phase 4c 50 Glaucoma Oct 2002 University of Parma

(a): Squalamine Lactate’s previous NCTs: NCT02349516 for DR patients; NCT02614937 for RVO patients; NCT02511613, NCT01769183, NCT01678963, NCT00333476, NCT00139282,

NCT00089830, NCT00094120 for macula edema (first one started on 01/10/2004).

(b): Pazopanib previous NCTs: NCT01072214, NCT01134055, NCT00463320, NCT00733304, NCT00612456, and NCT00659555.

(c): Investigating the possible non-IOP-related effect of the α2 adrenoceptor agonist brimonidine (i.e., neuroprotective effect) in patients with progressing glaucomatous optic neuropathy

versus argon laser trabeculoplastic therapy.
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(del Amo et al., 2017; del Amo and Urtti, 2015). Ideally, such an

investigation would allow the estimation of scaling factors to

account for the anatomical dimensional differences between

rabbit and human eyes and the difference in relevant

physiological parameters affecting topical pharmacokinetics

and drug distribution to the back of the eye. Unfortunately,

this type of data is not available yet, and therefore, one should be

cautious even when interpreting in vivo data generated from

rabbits.

4 Clinical trials on topically
administered drugs to treat the
posterior segment

Currently, three topical ophthalmic formulations are

reported on ClinicalTrials.gov (ClinicalTrials.gov) as potential

therapies for posterior segment illnesses, mainly nAMD and DR;

these are presented in Table 2 with their corresponding national

clinical trial (NCT) numbers. There are two ophthalmic

suspensions (PAN-90806 and OCS-01) and one ophthalmic

solution (SF0166, now OTT166).

PAN-90806 is a tyrosine kinase inhibitor that blocks the

angiogenic activation of receptor tyrosine kinase VEGF

receptor 2. It is being investigated for the treatment of

neovascular eye diseases and specifically for nAMD with a

once-a-day topical dosing regimen. From previous clinical

trials with the solution formulation (NCT02475109,

NCT02022540, Table 2), a side-effect was identified,

punctate keratopathy, due to the off-target inhibition of

corneal epithelial epidermal growth factor receptor (Rush

et al., 2016). Punctate keratopathy can be minimized by the

addition of nanomolar concentrations of menadione, a

synthetic analog of vitamin K3, in the topical formulation

without losing the anti-angiogenic efficacy of the compound

(Rush et al., 2016). A new suspension formula was developed

and used in a new clinical trial with 51 patients (NCT03479372,

Table 2). No major safety issues were observed, and half of the

patients (at all doses) did not need rescue therapy within

1 month after the 3-month topical treatment. Most of the

patients (23 out of 26) showed clinical stabilization or

improvement as reported in the company’s news bulletin

(PanOptica, 2022). Presently, no new follow-up clinical trial

has yet been registered.

SF0166 is a small molecule that inhibits the actions of one

of the key integrin subtypes αvβ-3 that contributes to the

progression of retinal diseases (Slack et al., 2022). Due to the

blockade of αvβ-3, the activation signal for multiple growth

factors (VEGF, fibroblast growth factor, and platelet-derived

growth factor) is blocked, preventing neovascularization.

The anti-integrin molecule is announced as being

administered as a solution to the patients. However, it is

unclear if this is an identical formulation as applied in the

rabbit preclinical studies where the formulation contained

5 wt% sulfobutyl ether β-cyclodextrin to solubilize the drug

(50 mg/ml, Table 1), whereas no coadjuvant was reported in

those formulations used in the monkey and mouse

preclinical trials (Askew et al., 2018). Although the

clinical trial data (NCT02914613 and NCT02914639)

seemed to indicate safety and the desired effect, (nine of

the 42 patients presented a decrease in central retinal

thickness and improvement of visual acuity of five letters),

no further developments of this compound or new clinical

trials have been reported at present, in web news (SciFluor,

2022).

OCS-01 is an ophthalmic suspension of dexamethasone at a

concentration of 1.5% (15 mg/ml), where the drug and γ-
cyclodextrins formed complexes by self-assembly, resulting

in a mix of nano- and micro-particle aggregates

(Johannsdottir et al., 2018). In the clinical trial of

NCT05343156, 144 patients were recruited for OCS-01

treatment three times a day for 12 weeks. In the treated arm,

91 out of 99 patients showed a reduction in the central retinal

thickness versus the placebo arm (-53.7 μm vs. -16.9 μm, p =

0.0115). The drug proved to be safe for the 12 weeks of trial,

although the incidence of increased IOP, as expected, was more

common in the treated than in the vehicle arm. The next phase

of the study (NCT05066997, Table 2) aims to evaluate the

efficacy and safety of the OCS-01 ophthalmic suspension in a

larger group of DME patients.

Previously, several other small molecular weight drugs

have been investigated in clinical trials, in patients or healthy

volunteers, aiming to treat the posterior segment after topical

instillation, but they have not proceeded to the market. Some

examples are brimonidine, squalamine lactate or MSI-1256F,

FOV2304, mecamylamine or ATG003, and dexamethasone

formulated with cyclodextrin or in combination with

iontophoresis. Additionally, several tyrosine kinase

inhibitors have been investigated, such as acrizanib (or

LHA510), regorafenib, and pazopanib, and the

TG100801 prodrug that is converted into TG100572 by the

ocular esterases. It does seem that all of these interventional

studies have been discontinued or terminated (Table 3). Even

though Table 3 is not intended to be a comprehensive list of

the discontinued clinical trials registered in ClinicalTrials.gov

(ClinicalTrials.gov), it does highlight the number of cases that

fail at this stage of testing. They include drugs with different

mechanisms of action and therapeutic indications, with some

candidates even having a lengthy clinical trial history (e.g.,

squalamine lactate from 2004 until 2016). Unfortunately,

reports of negative results in clinical trials are mainly

missing, along with a lack of standardization and the

sketchy quality of clinical data reporting in general

(Varner, 2015). Similarly, the related preclinical supporting

data may not be published. In summary, these are obstacles

curtailing future advances in the search for new ocular
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therapies and impairing translation from preclinical studies to

clinical trials.

5 Conclusions

Treating retinal neurodegenerative diseases with topical

administration is an attractive option not only for

pharmaceutical companies but also for many patients.

Although some trace concentrations of drugs have been

measured in the retina after topical administration, presently,

only three topical formulations are undergoing clinical trials,

with only one having reached phase III. More relevant

information can be extracted from well-designed preclinical

studies that may allow better translatability to patient care.

Additionally, publishing negative results of previously

terminated clinical trials would help improve our

understanding of the potential of the topical route to treat

retinal diseases.

There are still many questions to be answered: is there a

therapeutic concentration of the drug in the macula or optic disc?

Are the drug’s safety and potency adequate? Will compliance

with topical ophthalmic therapy be an issue?

It is evident that only drugs that are extremely potent,

ocular-specific, and safe will be potential successful candidates

for topical application if they are to exert an effect at the

back of the eye (it has to be stressed that 50–100% of

the topical dose may reach systemic circulation, with the

risk of serious side effects).

Up to now, no topically administered drug has been

approved for the treatment of nAMD, DR, DME, RVO, or

optic neuropathy associated with glaucoma disease.
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