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that are described elsewhere (Duvvuri et al., 2004; Ghate and
Edelhauser, 2006). The complexities of the different ocular barriers as
they relate to ocular drug transport are described later in this review.
Multifaceted Drug Passage Routes. The most common delivery
systems to get a drug to a target in the eye are topical (least invasive),
intravitreal (most invasive), and oral administration (assumed highest
level of patient compliance). Although it may be reasonable to expect
that intravitreal administration would accurately administer a dose, this
route of administration is relatively inaccurate (+/-30%) because of the
small volume administered (50 ul from a 1 ml syringe) and reflux of the
dose solution out of the eye. The topical route of administration is
preferred for many classes of drugs when treating diseases associated
with the anterior segment because of ease of administration and patient
convenience. Penetration across the cornea is proposed to be the primary
pathway for the distribution of a drug from the surface of the eye to the
aqueous humor and anterior segment, followed by the posterior segment.
Reaching the posterior segment tissues by topical administration is
challenging as the drug needs to penetrate through the anterior structural
barriers (e.g., cornea, conjunctiva, sclera) and the vitreous humor.
Misrepresentations in the Ocular Drug Metabolism and
Pharmacokinetics Literature. For most types of ocular administra-
tions, a key piece of information used to determine ocular PK and
calculate safety margins is the volume of the vitreous in animal species
and in humans. The article which has been most frequently cited reports
the vitreal volumes of the rabbit and cynomolgus monkey as 1.5 and
1.5-3.2 ml, respectively (Short, 2008). This review article cites other
publications for the vitreal volume in rabbits (Leeds et al., 1997) and in
cynomolgus monkeys (Pearson et al., 1996; Leeds et al., 1997).
Unfortunately, on closer inspection of the cited articles, it seems the
original articles may have been misinterpreted. The original article
assumed an average vitreous volume of 1.5 ml for rabbits as opposed to
an experimental determination (Leeds et al., 1997). The higher vitreous
volume value for cynomologous monkey (3.2 ml) is the distribution
volume of cyclosporine administered intravitreally (Pearson et al.,
1996). This apparent volume of distribution differs from the actual
volume of the distribution since there is no evidence that cyclosporine is
restricted to the eye. Recently, this error was acknowledged (Emami
et al., 2018) and a direct measurement of vitreal volume in the monkey
and other species has been made. The most reliable estimates of the
vitreal volumes are now considered those reported by Covance
(Covance: Comparison of ocular tissues weights (volumes) and tissue
collection techniques in commonly used preclinical animal species. Date
accessed: May 23, 2018. https://www.covance.com/content/dam/cova-
nce/assetLibrary/posters/StrubleEVER 14.pdf); where rabbit and cyno-
molgus monkey vitreal volumes are 1.4 and 2.0 ml, respectively. The
estimate of the human vitreal volume (~4 ml) is similarly doubted as
textbooks and research articles do not indicate how the volume was
determined. Another cautionary note in the ocular literature includes
investigational research articles that have been retracted or received an
editorial note of concern. These articles continue to be cited even though
they have been retracted (falsification of data) or their veracity
questioned. The titles of these articles are listed in Supplemental Table 1
so that the ocular drug metabolism and pharmacokinetics (DMPK)
community is aware of the compromised nature of these articles.
Different Metabolic Capabilities. Understanding the metabolism of
a drug in such a complex organ can be challenging because of the many
different tissues with different metabolic capabilities. For example,
the simplest approach is to homogenize the whole eye and use the
homogenate to describe the metabolism of a drug. However,
the utilization of whole homogenates may result in the dilution of the
metabolism of a particular NCE in a particular tissue that represents a
small portion of the eye. Additionally, by homogenizing the whole eye,
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it may be possible to create metabolic pathways that do not exist in the
individual tissues, a disadvantage that exists for most hepatic and
extrahepatic drug metabolism models involving homogenization of the
entire organ. High levels of nonspecific binding of the drug and its
metabolites, low signal-to-noise ratio, and small sample volumes may
pose added analytical challenges.

Requirement for a Large Number of Animals or Subjects.
Ideally, the eye is dissected, and each individual tissue is isolated. This
approach can be a tedious task and is challenging for small animals (e.g.,
mice and rats). Dissection of eyes obtained from larger animals (e.g.,
rabbits, dogs, monkeys) and humans is more straightforward. Although
it may be feasible to source a large number of eyes from large animals, it
is extremely difficult to obtain human eyes. The lack of availability of
human eyes greatly limits the in vitro experiments that can be performed.
This means that the data generated is usually from samples obtained
from only one or two individuals, which may limit its utility. There are
many tissues that can be isolated from the eye and used for in vitro
experiments; however, it is not advisable to perform in vitro experiments
on all tissues. For a drug that is administered by oral, IV, or SC
administration it is almost certain that it will distribute to the liver and
hence performing in vitro metabolism experiments using hepatocytes or
hepatic sub-cellular fractions are appropriate. However, not all drugs
will distribute to all tissues within the eye. Distribution to different
tissues of the eye will depend on the drug’s intrinsic properties and
route(s) of administration. In such cases, in vitro metabolism should be
performed in the relevant tissues to which the drug distributes. Unlike
the study of hepatic metabolism, in which a large amount of high-
protein homogenates or microsomes can be made from one liver, the
amount of homogenates or microsomes that can be generated from one
eye is relatively small. Consequently, it may be necessary to sacrifice a
large number of animals to generate sufficient material to perform
in vitro studies.

Melanin Binding. A further confounding factor is the presence of
melanin in certain ocular tissues, such as the iris and retinal pigment
epithelium (RPE). The wide variation in the constitution of melanin is a
result of varying proportions of eumelanin and pheomelanin, melanin’s
two chemical forms. Because of this property, precise translation of
in vitro melanin binding data to and across laboratory animals is
extremely difficult. Small lipophilic or cationic drugs may bind to
melanin, thereby reducing their distribution to other tissues (Salminen
et al., 1985; Zane et al., 1990). Binding to melanin may act as a sink for
the drug. In vivo, binding of the drug to melanin can give the impression
that the drug has been distributed to a particular tissue at high
concentrations, although the free concentrations of drug may be low.
Similarly, in in vitro homogenized pigmented ocular tissues, the binding
of the drug to melanin may reduce the amount of drug available to be
metabolized. Thus, the measurement of drug tissue levels can over-
estimate the amount of available drug for interaction with its pharma-
cologic target or intraocular metabolism since most of it might be bound
to melanin. In addition, melanin binding can lead to slow release or
formation of depot, leading to prolonged drug exposure in vitreous
humor over time, which may also have an impact on fraction available
for metabolism. Consequently, binding to melanin must be considered
when describing the ocular PK of drugs in the eye and the in vitro
metabolism/transport of drugs in ocular tissues.

In Vitro Models of Ocular Transport

A drug targeting the eye encounters several barriers, which are shown
in Fig. 1 and described herrein in relation to ocular transport. To study
drug transport across these barriers, a few primary and immortalized cell
lines of animal and human origin are mentioned. Whereas most of the
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cell lines have been used to determine the toxicity of ocular drugs and the
scope of formulations or as pharmacology models, some have also been
used to determine the permeability of drugs intended for ophthalmic
administration. A list of human cell lines derived from various ocular
barriers is compiled in Table 1.

Tear Film and Cornea. The tear film is the first barrier that a
topically administered drug encounters. Dilution by the tear film and the
subsequent drainage (lacrimal and eyelid movement) reduce the bio-
availability of all topically administered drugs. Although there is no
in vitro model to study the effect of tear dilution, in vivo studies are
conducted to understand the effect of formulations that can improve
retention on the eye and thus improve ocular bioavailability. After
topical ocular administration, the drug encounters the cornea and
conjunctiva. The cornea is a multilayered structure posing both a
physical and biochemical barrier to the movement of molecules across it.
There are approximately six to seven layers in the human corneal
epithelium, but only the superficial two to three layers express tight
junctions. These tight junctions, coupled with transporters and enzymes
of the cornea, act as barriers. Below the epithelium are the collagenous
stroma and the endothelium. Although the epithelial layers are easily
permeated by lipophilic molecules, the hydrophilic collagenous stroma
presents a barrier to such molecules. Additionally, because of the tight
junctions in the epithelial layers, only small molecules and small
fragments of biotherapeutic agents, such as single-chain variable
fragments, can easily penetrate the intact cornea.

Although presenting a large surface area for absorption of drugs, the
cornea is an important barrier to the entry of molecules owing to its
multilayered and diverse structure (lipophilic epithelium and hydrophilic
stroma) after topical ocular administration. Several animal and human
corneal cell culture models are available to study drug permeability,
ranging from primary cells to immortalized cell lines (Kahn et al., 1993;
Mohan et al., 2003; Ranta et al., 2003; Sunkara and Kompella, 2003;
Toropainen et al., 2003). Models to study toxicity are also available from
SkinEthic Laboratories (Nice, France) and MatTek Corporation
(Granby, QC). Instead of monolayers, multilayered cultures are typically
grown on collagen-coated plates to mimic the in vivo scenario. Of late,
corneal structures with the epithelium, stroma, and endothelial cells are
being built as three-dimensional models to mimic what happens in vivo
(Kruszewski et al., 1997). Whereas primary animal and human corneal
epithelial cells have been cultured to express tight junctions, the
transepithelial electrical resistance (TEER) values do not always reflect
the high-resistance scenario encountered in vivo. Therefore, these
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models have been used more to study toxicity rather than permeability
and to reconstruct the cornea in ocular surface disorders (Ward et al.,
1997). Immortalized corneal cell lines from rabbits, rats, cows, and
humans have been grown as multilayered cultures with tight junctions
and high TEER values for studying permeability. The permeability
across these monolayers demonstrated dependence on lipophilicity,
molecular size and weight, and transporter dependence. Most theoretical
corneal models of corneal permeability, such as those based on
physicochemical properties of drugs (Fu and Liang, 2002; Zhang
et al., 2004), can be applied to rank-order corneal permeability and
enhance ocular penetration of virtual compounds. Chemically synthe-
sized drug candidates can be further tested in vitro in the immortalized
cell models while keeping in mind the inherent differences in drug-
metabolizing enzymes and transporters between each of the models and
human cornea. Finally, little information is available on the trans-
latability of in vitro models for corneal irritability and toxicity.
Conjunctiva. The conjunctiva, which covers the anterior portion of
sclera (bulbar conjunctiva) and part of the eyelids (palpebral conjunc-
tiva), is highly vascularized and more porous than the cornea. Like the
cornea, it has two to three epithelial layers with tight junctions; however,
the intercellular pores are larger, thus allowing transcellular transport of
larger and more hydrophilic molecules. Beneath the epithelial layers is
the vascular tissue through which drugs are absorbed into the systemic
circulation. This systemic absorption of topically applied molecules
reduces ocular bioavailability and represents another clearance mecha-
nism from the eye. The underlying sclera consists mainly of collagen,
through which hydrophilic molecules can easily permeate. LMW drugs
gain access to the retina, choroid, and vitreous humor through this
pathway. Although cell lines from animal species are available, those
from humans are fewer, and most are used as pharmacology models
(Diebold et al., 2003; Gipson et al., 2003; Garcia-Posadas et al., 2017),
and little work has been done to study permeability using these cell lines.
Blood-Aqueous Barrier. The blood-aqueous barrier, located in the
anterior segment of the eye, is formed by the endothelial cells in the
blood vessels of the iris and ciliary body (ICB). This barrier’s
characteristic tight junctions restrict the flow of molecules from the
systemic circulation into the aqueous humor. Few in vitro models are
available to study the blood aqueous barrier. Part of the difficulty comes
from isolating ICBs with intact endothelial cells, which can express tight
junctions and other proteins when cultured. Rabbit (Cilluffo et al., 1997)
and human (Noske et al., 1995) models of this barrier have been
described in the literature, but both suffer from poor tight junction

TABLE 1

Summary of human ocular tissue derived cell lines listed with their respective transepithelial electrical resistance (TEER) values and commonly reported applications

Tissue Cell Line TEER (Q*cm?) Use References
Cornea HCE >400 Permeability and toxicity Ranta et al. (2003), Sunkara and Kompella (2003),
Toropainen et al. (2003)
HCE-T >400 Pharmacology and toxicity Kahn et al. (1993), Kruszewski et al. (1997),
Ward et al. (1997)
HPV transduced HCE >400 Permeability and toxicity Mohan et al. (2003)
Conjunctiva HCIJE NA Pharmacology Gipson et al. (2003)
HCJE NA Pharmacology Diebold et al. (2003)
3D- human conjunctiva NA Pharmacology Garcia-Posadas et al. (2017)
Blood aqueous barrier Ciliary epithelial cells ~20 No utility Noske et al. (1995)
RPE ARPE-19 ~100 Pharmacology and permeability Dunn et al. (1996)
Human RPE 30 Pharmacology Holtkamp et al. (1998)
Human RPE NA Pharmacology and permeability Lu et al. (1995)
Human RPE NA Pharmacology and gene delivery Urtti et al. (2000)
Retinal endothelial cells HREC-hTERT NA Pharmacology Kashyap et al. (2013)
HREC NA Pharmacology Bajpai et al. (2007)

HCE, human corneal epithelial cell line; HCJE, Human conjunctival epithelial cells; HPV, human papillomavirus; NA, not available; HREC, Human retinal microvascular endothelial cells; RPE,

retinal pigment epithelium.
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expression, resulting in leaky monolayers with low TEER. Therefore,
these monolayers suffice for studying safety endpoints, but their
usefulness in studying permeability is limited.

Blood-Retinal Barrier. The blood-retinal barrier is in the posterior
segment of the eye and is formed by the endothelial cells of the retina
blood vessels and the RPE. The endothelial cells of the retinal blood
vessels control the movement of molecules between the blood and the
retina. This barrier separates the neural retina from the vascular choroid
and is responsible for maintaining homeostasis in the neural retina. It is
often known as the inner blood-retina barrier and sometimes compared
with the blood-brain barrier. The RPE contains tight junctions and
expresses several transporters to ensure the supply of nutrients to the
retina while preventing injury. Thus, the blood-retinal barrier restricts
entry of molecules into the retina, including the movement of plasma
proteins, ions, and drugs (barring a few exceptions, such as mitogen-
activated protein kinase inhibitors). Small and lipophilic molecules can
permeate this barrier better than large, hydrophilic molecules. Molecules
administered into the vitreous humor are cleared through this route into
the systemic circulation, in addition to the clearance from the anterior
chamber.

Because of the complex nature of the blood-retinal barrier and the
RPE, appropriate cell lines or cultures are challenging to develop.
Culture medium composition, culture conditions, cell source, time of
culture, and such factors affect the nature of barrier properties, making it
harder to replicate in vivo-like properties in vitro. Both primary and
immortalized human cell lines of the RPE and blood-retinal barrier
express tight junctions, enzymes, and transporters and are being used for
studying transport and cytotoxicity, as well as for in vitro pharmacology
studies (Lu et al., 1995; Dunn et al., 1996; Holtkamp et al., 1998; Urtti
et al., 2000). A list of the transporters expressed in the human eye is
presented in Table 2. They act in concert to ensure proper functioning of
the eye, supplying nutrients to various parts of the eye while removing
waste and keeping out toxins. Therefore, studying drug transport across
these barriers helps inform the drug distribution to various parts of the
eye. The blood-retinal barrier has been recently reviewed in detail (Kubo
et al., 2018).

Advantages and Limitations of Ocular Transport Models.
Although data from animal cell lines do not translate to human, they
can still be used to rank-order the permeability of compounds. Most
human ocular cell lines are used as pharmacology models and to
investigate toxicity, but their use in understanding and predicting ocular
drug bioavailability has been limited. The biggest drawback in the
DMPK ophthalmology is the lack of ocular tissue exposure data from the
clinic resulting from the invasive and destructive nature of the current
bioanalytical techniques. Without clinical exposure, it is not possible to
determine in vitro—in vivo correlation; thus, the utility of these cell lines
for predicting human ocular tissue exposures or PKPD is limited. In
addition, many human cell lines suffer from low TEER, an inability to
grow as uniform monolayers, and difficulty in replicating in vivo
conditions. These caveats the utility of the data generated. Certain
features, like tear film, rapid movement of eyelids, and lack of
expression or functionality of transporters and enzymes, cannot be
reproduced in vitro or ex vivo. Although the role of transporters can be
studied in preclinical species and in human cell lines, the translatability
of such data to humans and their role in human ocular drug transport is
less studied. Additionally, there is no guidance in place about organ-
related drug-drug interaction as it applies to the eye. Compared with the
limited availability of human eyes, the continuous supply of tissues from
animals makes them more dependable for isolating different cells;
however, cells from human eyes are preferred because of species
differences. Finally, modeling can be used to overcome some drawbacks
but not all.
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TABLE 2
A comprehensive table of transporters identified in human

[ indicates presence detected as either protein, mRNA, or functional activity by any relevant
analytical methodology. [___] indicates lack of evidence. indicates conflicting literature
reports, i.e., not detected by one or more laboratories in contrast to presence detected by others.
indicates absence, i.e., not detected as either protein, mRNA or functional activity by any
relevant analytical methodology. Transporters have not been identified in aqueous humor, vitreous
humor, RPE, optic nerve, and sclera. These tissues are therefore not included in the table.

Cornea Iris Ciliary Body Choroid

BCRP
CNT1
CNT2
CRT
ENT1
ENT2
GAT3
GLUTI
LATI1
LAT2
MATE 1
MATE 2
MCT1
MCT2
MCT3
MCT4
MRP1
MRP2
MRP3
MRP4
MRP5
MRP6
NTCP
OATI1 ?
OAT2
OAT3
OATP1A2
OATPIBI
OATP1B3
OATP2B1
OCT1
OCT2
OCT3
OCTNI1

OCTN2
PEPT1

PEPT2
Pgp

1000000J003000000000020070000000000J00/%
TRRRRRRNRURHEHROOOORNR0D0000ooooooooon
TRRRRARNRUANRHRODODARR0DI000000000no0n
BNERRRERNOARRNNO000NNNNRnRoonnnnnnnnnn;
TRRRRRARRTANRERTOTOARRAT TR ATATar

BERNNAGNANERRLERNERNRRIDIONRIDD0000J0N

In Vitro Models of Ocular Metabolism

In vitro models for studying ocular metabolism, an important
disposition mechanism, have generally been overlooked compared with
the academic and industry gold standards for drug metabolism, including
hepatic subcellular fractions, hepatocytes (plated or suspension), and
other cell line models, including, hepatopac, Kupffer cells, and ADMET
in vitro hepatocytes. Many topical ocular drugs have low hepatic
turnover. This trend may be prominent as many ophthalmic treatments
were developed by repurposing older medicines for ocular indications;
therefore, ocular metabolism was assumed to be similar to that observed
for oral treatment once the compound reached systemic circulation
(Zimmerman, 1993). Oral cardiovascular 8-blockers were repurposed as
a topical ocular treatment to lower intraocular pressure, to reduce
systemic exposure to the drug and its metabolites, and consequently
improve the systemic safety profile of the drug (e.g., reduce adverse
cardiovascular side effects) (Frishman et al., 2001). Additionally, ocular
research has been focused on hormone/endobiotic metabolism or drug-
metabolizing enzyme superfamilies by using general fluorescent probe
substrates. These aspects have been well summarized elsewhere
(Nakano et al.,, 2014; Argikar et al.,, 2017a). As a result, ocular
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metabolism literature and research have focused on basic enzymology
research and used readily available in vitro models or ex vivo tissues.
More recently, the description of xenobiotic metabolism has included
radiolabeled in vivo studies to demonstrate low systemic exposure to
parent drug and metabolites rather than assume low systemic exposure
and metabolic turnover. Minimal in vivo metabolism of lifitegrast was
observed in rabbits and dogs (Chung et al., 2018). For ocular sustained
release therapies, reported metabolism studies were limited by analytical
challenges caused by the need to use different analytical methods to
measure the conjugated drug, released drug, and its metabolites (Lv
et al., 2017). Ocular tissues sections can be obtained from animals after
topical ocular or intravitreal administration. Using such sections for
metabolite identification and detection is feasible when standard
materials are available (i.e., the metabolism is already known). Success-
ful examples of in vivo ocular metabolism examples include, but are not
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limited to, tafluprost (Fukano and Kawazu, 2009), nepafenac (Chastain
et al., 2016), and carbonic anhydrase prodrugs (Huang et al., 2015).
Although the in vivo quantitation of metabolites can be helpful for
physiologically based PK modeling of the data (if needed), its utility is
limited due to the low doses and the need for high specific activity of
radiolabeled compounds.

Analytical challenges and sample availability have led to questions
regarding how, why, and when it is appropriate to study ocular metabolism
in vivo and in vitro (Argikar et al., 2017b). The review notes a resurgence in
xenobiotic ocular metabolism, yet a comprehensive in vitro model to study
the eye for metabolism and subsequent transport is not available as
compared to the way one would traditionally characterize hepatic
metabolism. Relevant human ocular drug-metabolizing or housekeeping
(implicated in cell/organ survival and function) enzymes from reported
mRNA, protein, or functional activity have been collated in Table 3.

TABLE 3

Comprehensive table of ocular drug-metabolizing enzymes and housekeeping enzymes (i.e., enzymes implicated in cell/organ survival and function) identified in humans

[ The presence detected as protein, mRNA, or functional activity by any relevant analytical method.

[ Lack of evidence. BB Conflicting literature reports (i.e., not detected by one or more laboratories, in contrast to presence detected by others. The absence (i.e., not detected as protein,
mRNA, or functional activity by any relevant analytical method. Drug-metabolizing enzymes have not been identified in aqueous humor and vitreous humor. These tissues are therefore not included in

the table.

Cornea  Lens Iris Ciliary Body

Choroid RPE  Optic Nerve  Sclera

Alcohol dehydrogenase
Aldehyde dehydrogenase
Aldoketo reductases
B-glucuronidase

Carbonyl reductases

CYPIA2

CYPIBI

CYP2A6

CYP2B6

CYP2C8

CYP2C9

CYP2C19

CYP2EIL

CYP2D6

CYP3A4

CYP3AS5

Glutathione-S transferases
Hyroxyindole O-methyl transferase
Histamine N-methyl transferase
Monoamine oxidase A
Monoamine oxidase B
N-acetyl transferases

Phenyl O-methyl transferase
Sulfonyltansferases

Uridine diphosphoglucuronosyl transferases
Xanthine oxidase

Acetyl cholinesterase
Alkaline phosphatases
Aminopeptidase A
Aminopeptidase M

Aryl phosphatase

Aryl sulfatase
[B-galactosidase

Butyryl cholinesterase
CYP2J2

CYP4B1

CYP4V2

DPPIV

Monoacyl glycerol lipase
N-acetyl B glucosaminidase
Protein phosphatase
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This information was compiled between 2013 and 2018, from PubMed
searches of the literature (1950s—present) using key words that included
ocular metabolism, ocular tissue(s), enzymes (from superfamilies to
isoforms), and enzymes modulated in ocular diseases.

Cell Lines. Ocular cell lines are sometimes used to describe the
transport and permeability of topical therapies to assess NCE. These
studies determine whether a candidate or drug could be dosed topically
and delivered to the back of the eye based on permeability assessments
(De Saint Jean et al., 2000; Majumdar et al., 2009). A few notable studies
have recognized the knowledge gap between ocular transporters and
drug-metabolizing enzymes; transporters have been more routinely
characterized than their DME counterparts. These studies present
primarily an mRNA perspective. mRNA levels of various oxidative
and conjugative enzymes from human corneal epithelial, human
keractocyte, human corneal endothelial cell lines, and human corneal
tissue sections (n = 16, subjects aged 18—102 years) were measured and
compared with liver tissue and Caco-2 cell line (Kolln and Reichl, 2012).
This research noted that mRNA levels from the human cornea cell line
were equivalent to the mRNA measured in individual human cornea
tissues and lower than those measured in human liver or Caco-2 in vitro
model. In addition, in a human ciliary epithelial cell line, mRNA levels
of CYP1AL, CYP1BI, and aryl hydrocarbon receptor and low levels of
CYP2D6 have been reported (Volotinen et al., 2009). This research also
noted induction of CYP1B1. CYP1A2 and cytochrome P450 (P450)
superfamilies CYP2 (except CYP2D6) and CYP3 were not detected in
the ciliary cell line. Although the evaluation did not assess the
corresponding functional activity, metabolism of known CYPI1B1
substrates, steroids, and retinoic acid have been independently measured
(Doyle et al., 1995).

Xiang and coworkers measured mRNA levels of P450s (CYP3A4 and
5) and UGT1A1 in an immortalized corneal cell line (human corneal
epithelial (cHCE) cells) by Cambrex BioScience (East Rutherford, NJ)
that has been used to study ocular permeability. Functional activity was
measured through the hydrolysis of latanoprost and reduction of
levobunolol, but the responsible drug-metabolizing enzyme(s) are not
characterized beyond their esterase and reductive functionality. In
cHCE, overall drug turnover was low compared with corneal tissue
(Xiang et al., 2009). cHCE cell line could be used as a surrogate to rank-
order esterase substrates instead of using ex vivo animal corneal tissues.
Despite the overall low enzymatic activity in cHCE cells, it would be
interesting to examine the overall ocular disposition of topical therapies
with a cell line that is well characterized for transporters and that has a
strong prediction of in vivo ocular permeability. Research has only
begun to scratch the surface of a holistic in vitro ocular metabolism and
disposition model.

Ocular Tissue Homogenates and Tissue Sections. The use of
isolated ocular tissues for metabolism studies has been a relatively
common practice in both industry and academia. Ocular P450 activity
was quantified via mRNA for 10 P450s in the human cornea, ICB, and
retina choroid tissues compared with the liver and extrahepatic tissues,
small intestine, and kidney (Zhang et al., 2008). Like observations in cell
lines, ocular tissues have markedly less mRNA compared with the liver,
and many of the common P450s responsible for xenobiotic drug
metabolism were, in general, absent. Early metabolism research in
ocular tissues investigated specific drug-metabolizing enzyme activity
via homogenates from various animals—including rats, rabbits, and
cows. The presence of N-acetyltransferase activity in rats and the impact
of light cycles or circadian rhythm on the enzyme’s activity were
measured in retinal homogenates (Miller et al., 1980). Later, because of
the ease of obtaining eyes from a slaughterhouse, N-acetyltransferases
were further explored in pooled bovine RPE homogenates (Gaudet et al.,
1993). The relevance and translatability of bovine ocular metabolism to
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humans are unknown, but research in bovine eyes or ocular tissue
sections may serve as an easy surrogate in vitro test system compared
with human eyes. Overall, these in vitro models provide information
about specific and narrow metabolism questions but do not help improve
characterization of potential NCE as ophthalmic targets as often done for
orally dosed compounds.

More recently, ocular tissues were often used to measure the direct
conversion of prodrugs to active drugs as they were directly related to the
in vivo physiology and disposition. Fresh rabbit corneas in an Ussing
chamber were tested to measure hydrolysis with a select general
substrate lantanoprost (Xiang et al., 2009). Enzyme activity was
monitored as a function of hydrolytic turnover over 4 hours, supple-
mented with O,:CO, (95%:5%) gas to mimic biologic conditions.
Alternatively, tissues have also been extracted and weighed from
animals before transferring the tissues sections to in vitro tubes. The
tissue sections are incubated (without added cofactors) with NCE for up
to 6 hours before extraction protocols and analysis (Ke et al., 2000). For
studying human in vitro metabolism, cadaver eyes are carefully
dissected before in vitro incubation with compound (Ke et al., 2000).
Similar to the disadvantages of using liver slices to study metabolism,
these studies are limited to single donors, require extensive skills in
tissue dissection, a large number of animal resources, or access to human
tissue shortly after donation. Limited in vitro hydrolysis of nepafenac to
amfenac in rabbits compared with humans was noted (Ke et al., 2000).
Rabbits have been well characterized for their extensive esterase activity
in the liver. The results may be limited by the surface area or exposure of
compound to the ocular tissue slices. For reference, the Ussing chamber
(Warner Instruments Corporation, Hamden, CT) surface area is 0.2 cm?/
well (Xiang et al., 2009). Alternatively, nepafenac may be a poor
esterase substrate in rabbits compared with humans, or ocular esterases
may differ from those in the liver (e.g., isoforms, total protein
expression, functional activity). Further characterization of relevant
laboratory animal models and human in vitro models are needed to
identify an appropriate in vitro model to study ocular metabolism.

Measuring both parent and metabolites in ocular tissues comes with
various analytical challenges. Once the lens is removed, homogenization
can be difficult. Coupling high- background noise and low topical ocular
doses often results in insufficient lower limits of quantitation to measure
metabolites with standards, especially if the turnover in the ocular tissues
is low. Unless the parent drug is radiolabeled, measuring metabolism via
a bioanalytical approach captures only a portion of ocular metabolism
and subsequent metabolism is otherwise unknown. Measurements in
ocular tissue sections are valuable for physiologically based PK
predictions. Yet, these predictions can be verified only after conducting
clinical trials. Depending on the ocular tissue type, however, it is
difficult, if not impossible, to collect the samples and confirm these
predictions. It is possible to collect aqueous humor from patients,
although the collection is restricted to patients receiving intravitreal
administration of drugs such as ranibizumab. In rare circumstances,
vitreous humor can be collected when a patient undergoes a planned
vitrectomy and is willing to be dosed with an investigational agent.
Obtaining retinal tissue or samples of cornea, conjunctiva, etc. is not
feasible. Human ocular drug and metabolite concentrations have also
been measured in rare instances before enucleation surgery (Hollo et al.,
2006). New technological advancements such as the smart contact lens
and “Focal View” smart phone application, provide a fascinating new
angle of digital technologies to improve ophthalmology clinical research
(https://www.reuters.com/article/us-novartis-digital/novartis-digital-drive-
continues-with-eye-disease-app-idUSKBN1HWOLIL. Date accessed: May
04, 2018, Technology News/April 25, 2018 Maintained by Reuters).

Ocular Subcellular Fractions. Over the past 50 years, subcellular
fractions have been used in a scattered fashion throughout the literature
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compared to the use of traditional hepatic subcellular fractions. Ocular
microsomes or cytosol were relatively commonly used to investigate
functional activity across ocular tissue sections. From the 1960—1990s,
studies focused on fractions from animals where it was easy to obtain
ocular tissues. These models focused on ranking the activity of
endobiotic metabolism in animals, including arachidonic acid metabo-
lism in pigs (Asakura et al., 1994) and prostaglandin synthesis in rabbits
(Bhattacherjee and Eakins, 1974; Kass and Holmberg, 1979) across
ocular tissues. Detailed studies of an enzyme superfamily or multiple
families were reported in bovine ocular tissues because of the ease of
obtaining eyes from local butchers. Examples include characterization of
gluthatione-S-transferases in bovine microsomes by affinity chroma-
tography (Saneto et al., 1982), whereas P450 (Kishida et al., 1986;
Schwartzman et al., 1987) and aldehyde oxidase (Shimada et al., 1988)
functional activity were measured in the ICB. Although these drug-
metabolizing enzymes were noted for functional activity, most research
focused on a single species that often lacks translatability to the
pharmaceutical industry.

To overcome the inability to scale to humans and the lack of general
comparisons across preclinical species, industry methods have used
ocular subcellular fractions to establish a flexible “whole-eye” S9 model.
The lens is removed, and the eye is homogenized using a technique
similar to that used for other tissues, such as the liver, lung, kidney,
intestine, and others. The ocular subcellular fractions were pooled from
nonsmoking individual male and female donors who were free of
ophthalmic disease. The model is flexible and can be customized with
the cofactors used to study ocular metabolism. The in vitro ocular S9
model has been used to explore new metabolism of historical topical
drugs, such as levobunolol, that demonstrated subsequent metabolism of
parent and active metabolite, dihydrolevobunolol (Argikar et al., 2016).
Such a model could represent an economical and speedier in vitro
assessment before extensive in vivo studies. Similar to high-throughput
assays or identification of metabolic soft spots during lead optimization,
the in vitro S9 model has the potential to be applied to early discovery
metabolic screening to triage compounds. The model can also be used in
lead optimization to drive structure-metabolism relationships by asking
the right question at the right time. Examples at both ends of the drug
discovery process may expand the way industry studies new ophthalmic
treatments (Argikar et al., 2017b; Khojasteh et al., 2017).

To date, a few examples have been published from an early drug-
discovery mind set. The S9 fractions were used to characterize the ocular
disposition of betaxolol, a commonly used topical therapy (Bushee et al.,
2015). These S9 fractions have also been used to evaluate in vitro ocular
metabolites of ketoconazole at clinically relevant concentrations (Cirello
et al., 2017). These studies have also noted cross-species comparison of
laboratory animals compared to human. For example, S9 fractions were
used to detect the activity of the rodent CYP2D family, which had not
been previously reported by mRNA or protein activity (Dumouchel
et al., 2017). The results indicate the role of rodent CYP2D?2, 4, and/or
18 in the oxidation of timolol to the major oxidative metabolite observed
in vivo. Similar to hepatic subcellular fractions, the ocular S9 model has
been shown to be reproducible, with the use of levobunolol as a positive
ocular metabolism control (Argikar et al., 2016; Dumouchel et al., 2017).
Ocular S9 fractions are comparable across in vitro species; however, the
timolol investigation in rats is the only direct comparison with in vivo
metabolite identification studies using the same liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analytical technology.

Although S9 fractions provide new insights to older therapies and can
be customized to study specific ocular metabolism questions, there are
disadvantages to their use. The ocular S9 fractions require time and
resource investment, experience in ocular dissection techniques, and
procurement of enough human eyes, which may take months to years to
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yield small pooled human lots. In contrast, commercially available
human hepatic subcellular fractions are derived from large donor pools
to represent an average human (>100 donors, 20 mg/ml protein).
Extrahepatic subcellular fractions are limited small donor lots (<20
pooled donors, 5 mg/ml protein). The published examples in ocular S9
support functional activity by a marker substrate; however, extensive
characterization of ocular drug-metabolizing enzymes has not been
assessed by an orthogonal approach (i.e., mRNA and/or protein
quantification). Also, the eyes obtained from laboratory animals are
nonpigmented compared with human eyes used to prepare the S9
fractions. The role of melanin binding and differences in metabolism of
nonpigmented versus pigmented eyes may be worth exploring further.
Furthermore, the S9 fractions noted do not include mitochondrial drug-
metabolizing enzymes and as such cannot be used to study mitochon-
drial B-oxidation, which has been reported for current ophthalmic
therapies (i.e., prostaglandins). Comparable to well established scaling
factors used for the liver, the ocular S9 fractions require scaling factors to
assess more completely the impact of ocular metabolism across species
and the translatability of the in vitro model to in vivo data. Overall, the
S9 fractions are a static model and do not account for transport of ocular
therapies from the front to back of the eye or vice versa. These
shortcomings are common for all in vitro models to date, and further
research is needed to find an ideal in vitro ocular metabolism model that
can predict a clinical outcome.

Although a complete ocular model for studying drug metabolism is
not available, renewed emphasis on the eye could provide future model
improvements. A question not answered by many models is the
importance of the lens in xenobiotic metabolism in addition to its
protective role, where glutathione S-transferase and N-acetyltransferase
activities are important (Argikar et al., 2017a). Transitioning from
healthy donors and nonpigmented animal models may or may not be an
ideal model for studying ophthalmic disease state in humans. Recent
reports have shown overexpression of drug-metabolizing enzymes in
various ophthalmic disease-state models or from clinical proteomics
assessments. High expression levels of CYP1B1 have been studied in
glaucoma patients (Volotinen et al., 2009). Also, altered expression and
activity of CYP4V2, which mediates fatty acid metabolism, is linked to
Biett’s retinal dystrophy (Nakano et al., 2012; Astuti et al., 2015). The
role of CYP4V2 in xenobiotic metabolism of NCE has not been explored
in depth. Additionally, soluble epoxide hydrolases and CYP2C8 were
overexpressed in murine choroidal neovascularization models and
consequently identified as research areas of interest (Hasegawa et al.,
2017; Sulaiman et al., 2018).

Bioactivation. Although the eye has been studied for its overall
metabolic capacity, it has not been considered for its bioactivation
potential. To complicate searching the literature, the term “bioactivation”
has been previously misused for “metabolism” (e.g., the hydrolysis of
nepafenac) (Ke et al., 2000). In the context of drug metabolism,
bioactivation refers to metabolic activation via formation of reactive
intermediates. To date, only few publications are available on ocular
metabolic bioactivation of the drug via reactive intermediates. It has
been demonstrated that human ocular subcellular fractions metabolized
ketoconazole similarly to subcellular fractions from human liver,
including bioactivation of ketoconazole via an iminium ion at therapeu-
tically achieved concentrations (Cirello et al., 2017). In contrast, a
reactive aldehyde intermediate was observed only for timolol in hepatic
but not ocular S9 fractions, despite similar biotransformation pathways.
As a counterbalance to bioactivation, ocular enzymes in rabbit ICB and
cornea were shown to metabolize an administered timolol-ketoxime to
an inactive ketone via hydrolysis and reduction (Bodor et al., 1997).
Especially from an ocular toxicity perspective, ocular bioactivation may
represent an underexplored area.
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Ocular Toxicology

At present, no regulatory guidances specifically address ophthalmo-
logic topics, other than the guidance for reformulated products. Ocular
toxicity is not a common occurrence during the conduct of general
systemic nonclinical toxicology studies, but when encountered, it can
pose a major hurdle to further development of the drug candidate (Brock
et al., 2013). In vitro ocular metabolism and transport models may be
used as a method to understand adverse events observed in vivo;
however, the link between ocular bioactivation and toxicity is circum-
stantial at best. There are ample examples in the literature of systemically
administered compounds, particularly anticancer drugs that have caused
a wide range of ocular toxicities, including corneal thinning or opacity,
glaucoma, cataracts, retinal degeneration, optic neuritis, conjunctivitis,
uveitis, periorbital edema, etc. (Renouf et al., 2012; Onodera et al.,
2015). As discussed earlier, ocular toxicities are not limited to topical
dosing. Practolol, an orally administered (-adrenergic blocker, was
withdrawn from the market in 1975 for severe ocular toxicity affecting
many tissues of the eye (Garner and Rahi, 1976; Rahi et al., 1976).
Toxicity onset ranged from a few months to a few years and was
reversible in only some cases. The importance of the eye as a sensory
sense organ makes it imperative that ocular endpoints are included in
general systemic nonclinical toxicology studies, yet little guidance is
available to direct the toxicologist on how best to design and interpret
these studies. Ophthalmologic examinations should be conducted in all
animals, including vehicle controls, at least once before dosing, during
the dosing phase, and during the recovery if findings are observed during
the dosing phase. In-life ophthalmologic examinations should include
pupillary reflex, direct or indirect ophthalmoscopy, biomicroscopy (slit
lamp), tonometry and histology of the eye, and adnexa at study
termination. Electroretinograms for retinal function and optical co-
herence tomography for detailed imaging of the retina can be used on a
nonroutine basis based on a knowledge of drug class, target, and/or
previously observed findings. Nonclinical study designs with a detailed
explanation of ophthalmologic endpoints (including fixation and
processing for microscopy) and toxicology species differences can be
found in previously published reviews (Short, 2008; Brock et al., 2013;
Onoderaetal., 2015; Novack and Moyer, 2016). A significant advantage
of ophthalmologic examinations is that inflammatory processes during a
study can be readily evident and monitored for reversibility via routine
and advanced ophthalmologic endpoints. It is important for the
toxicologist, ophthalmologist, and pathologist to integrate proactively
all data to understand the relevance of an observed finding and
translatability to the clinic based on the type and severity of the finding,
reversibility, species differences, safety margins, and risk-benefit
(Onodera et al., 2015). Even with detailed study designs, the ability of
nonclinical safety studies to predict clinical ocular toxicity remains
variable. In a review of 20 anticancer drugs approved by the Federal
Drug Administration between 2012 and 2016, ocular toxicity was poorly
predicted by nonclinical safety studies (Ahuja et al., 2017). In contrast, a
review of 142 approved drugs in Japan from 2001 to 2010, which
excluded anticancer drugs, indicated that 72% of ocular adverse drug
reactions in humans were predictable based on nonclinical safety
assessment (Tamaki et al., 2013).

Nonclinical safety studies for ophthalmic products can vary consid-
erably in design. The International Conference on Harmonization (ICH)
guidance for ophthalmologic drugs gives only minimal guidance, and
study design thus depends on many factors, such as clinical route
(topical or injected), frequency and duration of dosing, target homology,
relevance of toxicology species, and whether the drug is an NCE or is
being repurposed or reformulated as a marketed drug (Short, 2008;
Novack and Moyer, 2016). In general, drugs need to be evaluated by the
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ocular and systemic routes of administration. For systemic studies, one
species may be appropriate if the drug or drug class has well understood
pharmacology and toxicology (ICHS6(R1), Parent Guideline dated July
16, 1997, Addendum dated June 12, 2011, http://www.ich.org/filead-
min/Public_Web_Site/ICH_Products/Guidelines/Safety/S6_R1/Step4/
S6_R1_Guideline.pdf; Short, 2008; Novack and Moyer, 2016). Sepa-
rate systemic nonclinical toxicology studies have not been required for
some intravitreally administered biotherapeutics (Bantseev et al., 2018).
Selection of species can depend on the type of drug (small molecule or
biotherapeutic), route (topical or injected), metabolism, and sequence
homology (pharmacologically active). For topical ocular drugs, rabbits
and dogs are used most frequently. The nonpigmented eyes of the New
Zealand white rabbit is most commonly used, but in cases where the drug
binds to melanin, the pigmented Dutch-belted rabbits may be used.
Please refer to the Melanin Binding section for details. As dogs have a
nictitating membrane that can affect the topical absorption of a drug,
nonhuman primates at times are used instead of dogs (Novack and
Moyer, 2016). Two nonrodent species can be used for topical ocular
studies (rabbits and dogs or nonhuman primates) for LMW compounds.
The duration of nonclinical safety studies needs to be as long as the
intended clinical dosing: up to 6 months in the rabbit and 9 months in the
dog or nonhuman primate (6 months for biotherapeutics). For injected
drugs, the small size of the rat eye limits dosing volume, making the rat
of limited value. Dosing in nonhuman primates is usually maximum
feasible dose in a volume up to 100 wul (two separate 50 ul injections). In
instances where there is cross-reactivity in rabbits, the onset of antidrug
antibody responses can limit the use of rabbits for repeated-dose studies
(de Zafra et al., 2017). Ophthalmologic assessments are more detailed
than those used in general systemic nonclinical safety studies and can
include direct and indirect ophthalmoscopy, biomicroscopy, tonometry,
fluorescein angiography, corneal pachymetry, and electroretinograms if
the drug is expected to reach the back of the eye.

Approaches to Human Relevant Ocular ADME Studies

At present, ADME studies in humans for ocular drugs are usually not
required by regulatory agencies unless the drugs are administered
systemically or orally. Most preclinical conducted ADME studies are
limited to absorption and distribution, and only a limited number of
ocular ADME studies are published in the literature. In general, it is
challenging to identify the ocular contribution to metabolism in vivo as it
is quite difficult to determine in vivo whether a metabolite was formed
locally in the eye and released in the circulation or formed systemically
afterward. Sometimes, unilateral dosing to one eye and monitoring of the
other eye compared with systemic dosing or the use of in vitro ocular
metabolism models can indicate whether a metabolite might be formed
locally in the eye. The first three case studies illustrate the need for
accurately designing in vivo ADME studies with the intention of
addressing appropriate endpoints while highlighting the difficulties and
caveats. The fourth case study documents the application of low-
microtracer ['*C]-labeled dose to humans topically, to accurately
estimate single and multiday PK properties, and exemplifies that routine
human ADME studies are not possible because of limitations on the
allowed exposure to the eye and the inaccurate loss of drug (contam-
ination on face, clothing, ingestion, etc.). Although these cases highlight
the performed in vivo metabolism studies, it is unknown whether they
were requested by a health authority or conducted by the sponsor out of
an abundance of caution and what impact they had on the health
authority’s review of the marketing application.

Case Example 1. The absorption and distribution of brimonidine into
anterior and posterior ocular tissues of monkeys and rabbits after topical
dosing and intraperitoneal administration to rats were investigated
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(Acheampong et al., 2002). Results from unilateral dosing have shown
high drug levels in the treated eye versus the nontreated eye, which
indicated that brimonidine penetrates the posterior tissues by a local
route, not by systemic absorption. As described earlier, on the way to
posterior segment, metabolism is possible; however, the influence of
metabolism in comparison with transporters and physiologic clearance
mechanisms was assumed to be small. In general, only limited
information is available about metabolism within the vitreous, retina,
choroid, and sclera, and the overall impact of drug metabolism is
generally unknown. In this study, the authors assumed that the posterior
tissues were exposed mainly to brimonidine.

Case Example 2. Chung et al. (2018) reported the distribution and
pharmacokinetics of ['“C]-labeled lifitegrast, an approved drug for the
treatment of dry-eye disease, in rabbits and mass balance excretion in
dogs recently. After repeated topical dosing of radiolabeled lifitegrast to
rabbits, radioactivity was greatest in anterior segments, such as
conjunctiva and cornea, whereas only low concentrations were observed
in the posterior segments. This distribution correlated well with the site
of action. In dogs, after a topical dose, most of the radioactivity was lost
down the snout spillage through the nasal passage, highlighting the
challenging nature of ocular ADME studies. After single intravenous
administration to dogs, fecal excretion was the primary route of
elimination, and urinary excretion was minor. The excreted radioactivity
consisted mainly of unchanged lifitegrast, which indicated only minor
in vivo metabolism. The results of this study were in line with
observations from previous studies, which reported similar tissue
distribution of lifitegrast (Murphy et al., 2011). A different distribution
profile was reported in the eyes of rats, which could be explained by
ocular anatomy differences in rats and dogs (Rao et al., 2010).

Case Example 3. The disposition and metabolism of [3H]—taﬂuprost,
an antiglaucoma prodrug, were investigated in rats after ocular
administration by instillations to the cornea of both eyes (Fukano and
Kawazu, 2009). After repeated ocular dosing, the radioactivity remained
highest in cornea, followed by the ICB and aqueous humor. In female
rats, after a single ocular dose, radioactivity was excreted mainly in urine
and feces. Tafluprost was extensively metabolized in rats. No intact
prodrug was detected in tissues and excreta, and the resulting acid
metabolite was the most commonly detected component in the cornea,
aqueous humor, ICB, and plasma, along with uncharacterized minor
metabolites. In excreta, the major detected components were the
respective glucuronide or sulfate conjugates of the acid. The authors
did not investigate the main enzymes responsible for the hydrolysis in
additional detail, but they mentioned that this reaction could also be
mediated by P450.

Case Example 4. A successful case example of the application of
['*C]-labeled microtracer dose to humans has been documented (Iyer
et al.,, 2012). The primary objective was to characterize the PK of
AL-8309B, an extensively metabolized drug, after single- and multiple-
day topical dosing in healthy human subjects. ADME was described
after repeated dose administration. Each subject received a total
radioactive dose of 13 wCi (500 nCi per dose/eye, twice daily) over
6.5 days, which is approximately 10-fold lower than the conventional
therapeutic radioactive single dose (125 wCi). The low radioactive dose,
coupled with the sensitive analytical method, such as accelerator mass
spectrometry, provided well characterized PK of ['*C] AL-8309B in
healthy male subjects. The low radioactive dose minimized the amount
of radioactivity exposure to study subjects and at the same time enabled
measurable levels of []4C] radioactivity. The light-labeled human
ADME studies are not applicable for all topical ocular instilled products
and should be considered with a clear understanding of the PK
(including ADME) behavior by administering the test article after
different routes of administration. In addition, cost-effectiveness should
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be considered. Over the last decade, the use of microtracer approaches
combined with accelerated MS has gained remarkable attention for
ADME studies (Lappin and Garner, 2004), especially for drugs
administered intravenously or orally.

Advanced Technologies for Studying Ocular PK and
Drug Distribution

Traditionally, the most common methods for evaluating ocular PK
and drug distribution involve the administration of radiolabeled or
nonlabeled compound locally to the eye, followed by collection of
selected ocular tissues for processing and analysis. In the case of
radiolabeled studies, analytical methods include sample digestion or
combustion ['*C], followed by liquid scintillation counting [y,
[*H] labeled small molecules) or v- counting (**°1] labeled proteins).
One alternative to so-called “cut-and-burn” studies or vy-counting, is
ocular autoradiography (ARG), involving flash-freezing and sectioning
of the eye, followed by exposure to photographic film or phosphor-
imager plates to generate an image of ocular distribution of radioactivity.
Applying more controlled freezing techniques reduces the formation of
ice crystals, yielding higher-resolution images. The clear advantage of
ARG is the preservation of spatial orientation of ocular structures since
the eye is sliced, not dissected; however, dissection and ARG studies
both use a radiolabeled compound, which requires a dedicated synthesis
effort. In addition, there is the potential loss of label in the case of [*H]
(by tritium exchange) or ['*1 (by deiodination), and total drug-related
radioactivity (i.e., the sum of parent and all metabolites) is typically
measured.

With the advent of highly sensitive mass spectrometry (MS) in-
strumentation, it has become more common to collect and process
tissues for analysis using LC-MS/MS. In the case of protein analysis,
ligand binding methods, such as enzyme-linked immunosorbent assay,
can be particularly useful. The chief disadvantage of this approach is the
need to develop bioanalytical methods capable of measuring low
concentrations (typically with sensitivity of sub-ng/ml) in the smaller
tissues of the eye. In addition, slight variations in the assay may be
required for each tissue type owing to matrix effects. Since the eye is
dissected, even small structures must be collected either in whole or as
macroregions; otherwise, significant spatial resolution is lost. There is
also the risk of cross contamination between tissues during dissection.
More recent advances in imaging MS have allowed for substantial
improvement in visualization and relative quantification of a compound
or drug distribution in the eye while maintaining spatial resolution of the
intact anatomic structures. These newer techniques are further discussed
to follow.

Matrix-Assisted Laser Desorption/Ionization Imaging Mass
Spectrometry. Although not new, imaging mass spectrometry (IMS)
and matrix-assisted laser desorption/ionization (MALDI) were intro-
duced roughly five and two decades ago, respectively; their marriage and
application to analysis of particularly endogenous biologic compounds
greatly expanded the use of MALDI IMS (Norris and Caprioli, 2013;
Cornett and Scholle, 2017). With the advent of increasingly more
sensitive MS and specialized tissue-processing methods, as well as
advanced image analysis software, application has expanded to
monitoring exogenous and small and large molecules intended as
therapeutics. MALDI IMS has become a valuable tool in pharmaceutical
and biotechnology research, with application to pharmacology, toxicol-
ogy, PK studies, and drug metabolism, including ocular PK/distribution
studies. MALDI IMS has the advantage of minimal sample preparation;
with increasing sample throughput, it is continuing to expand applica-
tion to discovery research. Unlike radiolabeled methods, MALDI IMS
can image parent compound and multiple metabolites, as well as
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endogenous compounds, simultaneously. Most importantly, MALDI
IMS preserves the spatial and regional integrity of the ocular anatomy for
visualization of drug distribution. As a multiplex method, it allows for
monitoring of arrays with hundreds of MS spectra. Distribution in the
eyes of endogenous and exogenous compounds and pharmacodynamic
markers and localization of tissue structures based on protein or lipid
markers are possible.

MALDI IMS has been reviewed in detail elsewhere (Norris and
Caprioli, 2013). Briefly, the method involves first the collection of the
whole eye or selected ocular segments, which are flash-frozen and
cryosectioned into thin slices (e.g., 20 wm). Once placed on slides,
matrix is applied to the sections. This matrix facilitates the laser-induced
desorption and ionization of the analytes, which are then analyzed using
MS. The soft ionization process enables analysis of a wide range of
molecular weights, typically 0.1 kDa to >100 kDa (i.e., small molecules
to large biologics; e.g., antibodies or other therapeutic proteins). As
mentioned, endogenous compounds can be monitored to assess
pharmacologic or toxicologic markers. MS analysis creates an array of
spectra that can provide specific fragmentation information or, with
imaging mode, visualization of the analyte’s tissue distribution.
Resolution depends on the speed and discrimination of the laser and
the sensitivity of the MS instrument and typically ranges from 20 to
250 pm. With research-grade instruments, resolution can be as low as
1 wm; however, sensitivity is generally lower than what can be achieved
with traditional LC-MS/MS on dissected tissue and can limit utility,
particularly in the eye, where drug concentration can be low and have a
wide range of concentrations from gradient-driven distribution. That
said, sensitivity is continuing to improve, and this technology may
someday replace dissection methods entirely. The results also tend to be
semiquantitative because these are principally based on differential mass
spectrometric ionization properties of the parent drug and its metabolites
(Hatsis et al., 2017). An analogous technique that has been applied to
tissue sections of the brain and appears promising for the eye is surface
sampling microliquid chromatography tandem MS (Chen et al., 2016).
The spatial resolution for this technique is lower than that of MALDI,
but the distinct advantages are ease of sample preparation and the ease of
possible absolute quantification of metabolites given the availability of
analytical reference standards. As an example of MALDI IMS applied to
the eye, Grove et al. (2017) assessed the ocular distribution of topical
ocular brimonidine in rabbits. MALDI IMS was particularly well suited
to investigating spatial and temporal distribution locally in the eye from
the anterior segment to posterior segment. With a resolution of 80 um,
the study was able to demonstrate absorption or distribution in the
cornea, aqueous humor, and iris, with some drug detected in the retina.
Researchers have also used MALDI IMS to image specific protein and
lipid markers in the rodent optic nerve and the neural retina (Anderson
et al., 2017). A spatial resolution of 10 wm allowed by the high signal
intensities was obtained.

Imaging Mass Cytometry. Another imaging MS method that has the
potential for application in ocular PK/distribution studies of proteins is
mass cytometry, also referred to as imaging cytometry time-of-flight
mass spectrometry (CyTOF), indicating the use of time-of-flight MS for
analysis. This is also a multiplex assay, which could preserve the spatial
arrangement of ocular structures since, like MALDI IMS, it involves the
flash-freezing of the eye followed by cryosectioning of tissue. Unlike
MALDI IMS, CyTOF requires labeling of the molecule of interest,
which uses heavy metals with an atomic weight sufficient to differentiate
from the numerous lower atomic weight endogenous metals present in
the tissues. The advantage is little loss of label and a highly sensitive
analysis of the metal label, down to one part per trillion, using
inductively coupled plasma (ICP) MS. Although CyTOF does not allow
specific analysis of compound, much like radioanalysis, this is
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outweighed greatly by the sensitivities achieved, a clear advantage in
the assay of low concentrations in small ocular structures.

Imaging CyTOF has been used (Giesen et al., 2014) to image tumor
tissues with subcellular resolution, allowing for the discrimination of
cellular populations and cell-cell interactions. Before the advent of
imaging CyTOF, mass cytometry had only been used to sort and
analyze cell suspensions. The new imaging method maintains the
spatial morphology of the tissue in a manner similar to that using
MALDI IMS. For example, CyTOF was applied to evaluate the tissue
distribution of cisplatin in tumor and normal tissues in cisplatin-
treated mice with pancreatic cancer patient-derived xenografts
(Chang et al.,, 2016). Distribution was determined using ICP
analysis of platinum in tissue. Application to ocular studies has
yet to be fully realized, but ICP has been used for evaluating
the distribution of compounds in the eye. An example includes
determining the ocular distribution of Gd-labeled albumin
(Molokhia et al., 2009). Magnetic resonance imaging was used to
image the distribution of Gd, but direct analysis of tissues was by
ICP-optical emission spectroscopy. Imaging CyTOF, although still
in its infancy, may prove to be a valuable technique for studying the
biodistribution of metal-labeled proteins in the eye. The sensitivity
of this method, without the use of radioactivity, and the relatively
little method development requirement, make CyTOF particularly
attractive as a research tool.

Ocular Classification System

Complex ocular anatomy implies that a single relevant model that
classifies ocular drugs according to their physicochemical or disposition
properties will be difficult to create. Historically, endogenous and
exogenous ocular compounds have been classified by either in silico
properties or by ex vivo permeability models. We have applied a
compound categorization method, known as the extended clearance
concept classification system (EC3S), originally developed for pre-
diction of systemic elimination pathways and potential transporter
effects, for its use in ocular drug disposition anticipation. EC3S classifies
drug compounds based on their drug transport and metabolic turnover
potential (Camenisch, 2016). Since transporter expression dramatically
varies throughout the different layers of the eye, and to reflect the barrier
role of a biologic membrane without the complication of overexpressed
Pgp, we used permeability data evaluated in Madin-Darby canine kidney
low-efflux cells as a surrogate parameter for drug transport (Perm,pas).
Metabolic turnover (CLmet) refers to the highest value determined in
human microsomes, hepatocytes, or S9 fractions. Scaling has been
performed according to commonly accepted approaches, detailed in
previously reported papers (Camenisch and Umehara, 2012; Umehara
and Camenisch, 2012).

A subset of 22 chemically and pharmacologically diverse topical
ocular dugs that are clinically used worldwide, in a variety of dosage
forms, was used to illustrate observations on ocular drugs (Supplemental
Table 2). The resulting two-dimensional scatterplot with CLmet on the
x-axis and Perm,pas shown on y-axis is given in Fig. 2. To differentiate
between “low” versus “high” permeability and “low” versus “high”
turnover compounds, in alignment with EC3S, hypothetical thresholds
were introduced at a Perm,pas value of about 5 x 10"—6 cm/s and a
CLmet value of about 50 ml/min/kg. In Fig. 2 these thresholds are
demarcated by solid lines. All drugs in the current data set were
classified as “known as transporter substrates” (squares, Fig. 2) and “not
known as transporter substrates” (triangles, Fig. 2; Supplemental
Table 2). Using these definitions as a starting point, keeping in mind
that a hepatic drug classification system may not necessarily be
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- Functional enzymes do not impact drug disposition
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- Treatment of eye disorders of anterior and posterior segment.
- No need for special delivery.
- Functional enzymes do impact drug disposition.
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- Treatment of eye disorders predominantly in anterior segment, unless functional transporter involvement.
A - Special delivery components might be needed.
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Fig. 2. Two-dimensional scatterplot of topical ocular drugs. Similar to hepatic drug classification system plots, metabolic turnover (CLmet) is shown on the x-axis and permeability
(Perm,pas) is shown on the y-axis. Clear separations can be drawn between “high” and “low” permeability (around Perm,pas of 5 x 10*—6 cm/s) and “high” and “low” turnover

(CLmet = 50 ml/min/kg) drugs. Squares mark all “known transporter substrates,” and triangles represent compounds for which transporter affinity has not been demonstrated.

directly applicable to ocular disposition, the following conclusions and
inferences can be drawn:

1. Ocular compounds largely fit into the “high permeability, low
metabolism” category (EC3S class 2). These drugs are widely
used for the treatment of anterior and posterior ocular disorders,
without the use of specialized drug-delivery systems. Trans-
porters or drug-metabolizing enzyme(s) have little to no impact
on the ocular disposition of such drugs.

2. Several drugs from the current subset also belong into “low
permeability, low metabolism” category (EC3S class 4). Despite
low passive permeability, most of these compounds are well
known solute-carrier substrates (predominantly OATs and
OCTs). As such, it can be observed that this type of compound
is used mainly for the treatment of the disorders of the anterior
segment of the eye unless functional transporter involvement
allows further passage. Specialized delivery systems that increase
permeability or lead to sustained drug release might be needed, but
drug-metabolizing enzymes are not expected to impact ocular
disposition of such drugs.

3. High-turnover drugs (i.e., drugs for which enzymes are expected to
impact ocular drug disposition) do not seem to be commonly used
for the treatment of eye disorders. Referring to our data set, a
handful of compounds have a metabolic turnover value greater
than 50 ml/min per kilogram. Miconazole, erythromycin, and
cyclosporine were identified assigned to the “low permeability,
high metabolism” category (EC3S class 3). For such drugs, special
delivery systems might be needed because the dosing interval
is generally small (i.e., the frequency of dosage form of
administration is generally high, typically every few hours
and up to six times a day). Please refer to Supplemental
Table 1 for details. Drug-metabolizing enzymes do impact

ocular disposition and in theory EC3S class 3 drugs are
candidates for soft-drug approach.

4. Finally, diclofenac was identified as the only member of the
“high permeability, high metabolism” category (EC3S class 1).
In this category, special delivery systems are likely not needed,
and drug- metabolizing enzymes remarkably impact ocular
disposition. Such drugs are also candidates for a soft-drug
approach and are frequently dosed. In the case of diclofenac,
despite the compounded topical formulations in a hospital
pharmacy setting, the preferred dosing route for the treatment of
ocular inflammation and uveitis is oral.

The EC3S-based compound categorization might be able to catego-
rize ocular drug disposition and hence streamline, tailor, and speed up
drug discovery and development efforts while investigating the potential
of an NCE. It is important to note that metabolism in this section of the
review refers to turnover in human liver-based cellular or subcellular
fractions. Differences in ocular metabolism between laboratory animals
and human species and differences in metabolic rates and profile
between the eye and the liver are widely noted (Bushee et al., 2015;
Argikar et al., 2016; Cirello et al., 2017) and may preclude direct
preclinical translation of this data set. Lastly, considering the limited size
of the data set used (n = 22), this initial approach requires further
follow-up and refinement.

Summary

For topically dosed drugs, the notion of understanding the mecha-
nisms of ocular drug disposition has moved away from “discretionary”
to develop novel, target-specific, and locally acting improved therapeu-
tic agents. Many of the models discussed here are immensely helpful for
investigating the concepts, including ocular metabolism and transport,
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concentration-effect relationships, formation of active metabolites, etc.
of drugs and drug-like compounds. Although these models are helpful,
further research (i.e. accurate scaling factors, a single model that enables
the study of transport and metabolism, understanding the differences in
health and disease) is needed to extrapolate in vitro ocular drug-
disposition parameters to in vivo. The complex and dynamic nature of
the eye, in addition to interspecies differences in ocular disposition in
laboratory animals and humans, currently present a remarkable chal-
lenge. The role of melanin in ocular drug distribution is possibly one of
the most controversial topics in ocular pharmacology and drug
disposition. A detailed deliberation of melanin binding of drugs and
the subsequent impact has been written elsewhere (Argikar et al.,
2017b). Therefore, extrapolation of ocular drug exposure, disposition,
and potency/efficacy data from in vitro models with or without melanin
to in vivo animal models must be conducted with caution. If needed, risk
assessment of melanin binding can be conducted early in an appropriate
in vitro model that relates to pharmacology to avoid unnecessary issues
at a later stage.

The in vitro models discussed herein provide information about
specific and narrow metabolism questions, but do not help improve on
the characterization of potential NCEs as ophthalmic targets as is often
done for orally dosed compounds. EC3S-based ocular drug classifica-
tion described earlier may anticipate ocular drug disposition once such
an approach is expanded to include a larger number and diversity of
drugs. Another major gap in the entire in vitro metabolism models
discussed is the lack of an ocular distribution component. The un-
derstanding surrounding the blood-retinal barrier, including kinetics,
metabolism, and transport of topical ocular drugs or metabolites out of
the eye and transport of a systemic drug into the eye, is limited. In the
scope of drug discovery and lead optimzation, scientists must rely
heavily on the use of in vitro cell lines and laboratory animals for in vivo
data for prediction to human. As conducting ocular in vivo experiments
means sacrificing an animal for each time point, developing appropriate
in vitro models will help reduce the number of in vivo studies conducted.
These in vitro models may also be used in a high-throughput screening
capacity to optimize lead candidate ADME properties and formulations.
Currently, such models are readily available for investigating ocular
drug absorption, efficacy, and safety. Further advancement of a lead
candidate from preclinical through clinical development to a drug
approved to treat ophthalmic disease(s), presents many challenges that
do not exist for drugs administered by other routes of administration.
There are no regulatory guidances which are dedicated to the develop-
ment of new ophthalmic drugs; however, the US Food and Drug
Administration has issued a guidance that describes the development of
an approved drug by an alternative route of administration (https://www.
fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/
guidances/ucm(079245.pdf. Date accessed: March 30, 2018, Page last
updated: October 30, 2017, Content source: U.S. Department of Health
and Human Services Food and Drug Administration, authored By:
Center for Drug Evaluation and Research). The strategic role of ocular
drug disposition and the placement of in vitro models in a decision tree in
pharmaceutical research and development environment is a subject
outside the scope of the present review and will be tackled separately in
the future. Subsequent ocular disposition research will build on the
established in vitro models and add to the industry and academic
approaches to designing topical ocular therapies.

Acknowledgments

‘We thank past and present ophthalmology project teams at Novartis and Alcon
for the collaborative discussions. We appreciate the support from Olivier Kretz.

Dumouchel et al.

Authorship Contributions

Wrote or contributed to the writing of the manuscript: Dumouchel,
Chemuturi, Milton, Camenisch, Chastain, Walles, Sasseville, Gunduz, lyer,
Argikar.

References

Acheampong AA, Shackleton M, John B, Burke J, Wheeler L, and Tang-Liu D (2002) Distribution
of brimonidine into anterior and posterior tissues of monkey, rabbit, and rat eyes. Drug Metab
Dispos 30:421-429.

Ahuja V, Bokan S, and Sharma S (2017) Predicting toxicities in humans by nonclinical safety
testing: an update with particular reference to anticancer compounds. Drug Discov Today 22:
127-132.

Anderson DMG, Lambert W, Calkins DJ, Ablonczy Z, Crouch RK, Caprioli RM, and Schey KL
(2017) Imaging MS of rodent ocular tissues and the optic nerve, in Imaging Mass Spectrometry:
Methods and Protocols (Cole LM ed) pp 15-27, Springer Nature (Humana Press), Switzerland AG.

Argikar UA, Dumouchel JL, Dunne CE, and Bushee AJ (2017a) Ocular non-P450 oxidative,
reductive, hydrolytic, and conjugative drug metabolizing enzymes. Drug Metab Rev 49:
372-394.

Argikar UA, Dumouchel JL, Dunne CE, Saran C, Cirello AL, and Gunduz M (2016) Ocular
metabolism of levobunolol: historic and emerging metabolic pathways. Drug Metab Dispos 44:
1304-1312.

Argikar UA, Dumouchel JL, Kramlinger VM, Cirello AL, Gunduz M, Dunne CE, and Sohal B
(2017b) Do we need to study metabolism and distribution in the eye: why, when, and are we
there yet? J Pharm Sci 106:2276-2281.

Asakura T, Matsuda M, Matsuda S, and Shichi H (1994) Synthesis of 12(R)- and 12(S)-
hydroxyeicosatetraenoic acid by porcine ocular tissues. J Ocul Pharmacol 10:525-535.

Astuti GD, Sun V, Bauwens M, Zobor D, Leroy BP, Omar A, Jurklies B, Lopez I, Ren H, Yazar V,
et al. (2015) Novel insights into the molecular pathogenesis of CYP4V2-associated Bietti’s
retinal dystrophy. Mol Genet Genomic Med 3:14-29.

Bajpai AK, Blaskova E, Pakala SB, Zhao T, Glasgow WC, Penn JS, Johnson DA, and Rao GN
(2007) 15(S)-HETE production in human retinal microvascular endothelial cells by hypoxia:
novel role for MEK1 in 15(S)-HETE induced angiogenesis. Invest Ophthalmol Vis Sci 48:
4930-4938.

Bantseev V, Erickson R, Leipold D, Amaya C, Miller PE, Booler H, and Thackaberry EA (2018)
Nonclinical safety assessment of anti-factor D: key strategies and challenges for the nonclinical
development of intravitreal biologics. J Ocul Pharmacol Ther 34:204-213.

Bhattacherjee P and Eakins KE (1974) Inhibition of the prostaglandin synthetase systems in ocular
tissues by indomethacin. Br J Pharmacol 50:227-230.

Bodor N, Farag HH, Somogyi G, Wu WM, Barros MD, and Prokai L (1997) Ocular-specific
delivery of timolol by sequential bioactivation of its oxime and methoxime analogs. J Ocul
Pharmacol Ther 13:389-403.

Brock WJ, Somps CJ, Torti V, Render JA, Jamison J, and Rivera MI (2013) Ocular toxicity
assessment from systemically administered xenobiotics: considerations in drug development. Int
J Toxicol 32:171-188.

Bushee JL, Dunne CE, and Argikar UA (2015) An in vitro approach to investigate ocular me-
tabolism of a topical, selective Bl-adrenergic blocking agent, betaxolol. Xenobiotica 45:
396-405.

Camenisch G and Umehara K (2012) Predicting human hepatic clearance from in vitro drug
metabolism and transport data: a scientific and pharmaceutical perspective for assessing drug-
drug interactions. Biopharm Drug Dispos 33:179-194.

Camenisch GP (2016) Drug disposition classification systems in discovery and development: a
comparative review of the BDDCS, ECCS and ECCCS concepts. Pharm Res 33:2583-2593.
Chang Q, Ornatsky OI, Siddiqui I, Straus R, Baranov VI, and Hedley DW (2016) Biodistribution of
cisplatin revealed by imaging mass cytometry identifies extensive collagen binding in tumor and

normal tissues. Sci Rep 6:36641.

Chastain JE, Sanders ME, Curtis MA, Chemuturi NV, Gadd ME, Kapin MA, Markwardt KL,
and Dahlin DC (2016) Distribution of topical ocular nepafenac and its active metabolite amfenac
to the posterior segment of the eye. Exp Eye Res 145:58-67.

Chen X, Hatsis P, Judge J, Argikar UA, Ren X, Sarber J, Mansfield K, Liang G, Amaral A, Catoire
A, et al. (2016) Compound property optimization in drug discovery using quantitative surface
sampling micro liquid chromatography with tandem mass spectrometry. Anal Chem 88:
11813-11820.

Chung JK, Spencer E, Hunt M, McCauley T, and Welty D (2018) Ocular distribution and phar-
macokinetics of lifitegrast in pigmented rabbits and mass balance in beagle dogs. J Ocul
Pharmacol Ther 34:224-232.

Cilluffo MC, Farahbakhsh NA, and Fain GL (1997) Functional and morphological differentiation
of nonpigmented ciliary body epithelial cells grown on collagen rafts. In Vitro Cell Dev Biol
Anim 33:546-552.

Cirello AL, Dumouchel JL, Gunduz M, Dunne CE, and Argikar UA (2017) In vitro ocular
metabolism and bioactivation of ketoconazole in rat, rabbit and human. Drug Metab Pharma-
cokinet 32:121-126.

Cornett DS and Scholle MD (2017) Advances in MALDI mass spectrometry within drug dis-
covery. SLAS Discov 22:1179-1181.

De Saint Jean M, Debbasch C, Brignole F, Rat P, Warnet JM, and Baudouin C (2000) Toxicity of
preserved and unpreserved antiglaucoma topical drugs in an in vitro model of conjunctival cells.
Curr Eye Res 20:85-94.

de Zafra CLZ, Sasseville VG, Matsumoto S, Freichel C, Milton M, MacLachlan TK, Farman C, Ray-
mond I, Gupta S, Newton R, et al. (2017) Inflammation and immunogenicity limit the utility of the
rabbit as a nonclinical species for ocular biologic therapeutics. Regul Toxicol Pharmacol 86:221-230.

Diebold Y, Calonge M, Enriquez de Salamanca A, Callejo S, Corrales RM, Sdez V, Siemasko KF,
and Stern ME (2003) Characterization of a spontaneously immortalized cell line (IOBA-NHC)
from normal human conjunctiva. Invest Ophthalmol Vis Sci 44:4263-4274.

Doyle JW, Dowgiert RK, and Buzney SM (1995) Retinoic acid metabolism in cultured retinal
pigment epithelial cells. Invest Ophthalmol Vis Sci 36:708-717.

Dumouchel JL, Argikar UA, Spear J, Brown A, Dunne CE, Kramlinger VM, Cirello AL,
and Gunduz M (2017) Investigation of ocular bioactivation potential and the role of cytochrome
P450 2D enzymes in rat. Drug Metab Lett 11:102-110.

1202 ‘6T Jequieidss Uo sfeuinop 13dSY 1 610°SeuIno flpdse"pup Wwoiy papeojumoq


https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm079245.pdf
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm079245.pdf
https://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidances/ucm079245.pdf
http://dmd.aspetjournals.org/

Models of Ocular Drug Disposition and Toxicity

Dunn KC, Aotaki-Keen AE, Putkey FR, and Hjelmeland LM (1996) ARPE-19, a human retinal
pigment epithelial cell line with differentiated properties. Exp Eye Res 62:155-169.

Duvvuri S, Majumdar S, and Mitra AK (2004) Role of metabolism in ocular drug delivery. Curr
Drug Metab 5:507-515.

Emami A, Tepper J, Short B, Yaksh TL, Bendele AM, Ramani T, Cisternas AF, Chang JH,
and Mellon RD (2018) Toxicology evaluation of drugs administered via uncommon routes:
intranasal, intraocular, intrathecal/intraspinal, and intra-articular. Int J Toxicol 37:4-27.

Frishman WH, Kowalski M, Nagnur S, Warshafsky S, and Sica D (2001) Cardiovascular con-
siderations in using topical, oral, and intravenous drugs for the treatment of glaucoma and ocular
hypertension: focus on beta-adrenergic blockade. Heart Dis 3:386-397.

Fu XC and Liang WQ (2002) A simple model for the prediction of corneal permeability. Inr J
Pharm 232:193-197.

Fukano Y and Kawazu K (2009) Disposition and metabolism of a novel prostanoid antiglaucoma
medication, tafluprost, following ocular administration to rats. Drug Metab Dispos 37:
1622-1634.

Garcia-Posadas L, Soriano-Romani L, Lépez-Garcia A, and Diebold Y (2017) An engineered
human conjunctival-like tissue to study ocular surface inflammatory diseases. PLoS One 12:
e0171099.

Garner A and Rahi AH (1976) Practolol and ocular toxicity: antibodies in serum and tears. Br J
Ophthalmol 60:684-686.

Gaudet SJ, Tsilou E, and Chader GJ (1993) Identification and characterization of arylamine
N-acetyltransferase activity from the bovine retinal pigment epithelium. Curr Eye Res 12:
271-278.

Ghate D and Edelhauser HF (2006) Ocular drug delivery. Expert Opin Drug Deliv 3:275-287.

Giesen C, Wang HA, Schapiro D, Zivanovic N, Jacobs A, Hattendorf B, Schiiffler PJ, Grolimund
D, Buhmann JM, Brandt S, et al. (2014) Highly multiplexed imaging of tumor tissues with
subcellular resolution by mass cytometry. Nat Methods 11:417-422.

Gipson IK, Spurr-Michaud S, Argiieso P, Tisdale A, Ng TF, and Russo CL (2003) Mucin gene
expression in immortalized human corneal-limbal and conjunctival epithelial cell lines. Invest
Ophthalmol Vis Sci 44:2496-2506.

Grove KJ, Kansara V, Prentiss M, Long D, Mogi M, Kim S, and Rudewicz PJ (2017) Application
of imaging mass spectrometry to assess ocular drug transit. SLAS Discov 22:1239-1245.

Hasegawa E, Inafuku S, Mulki L, Okunuki Y, Yanai R, Smith KE, Kim CB, Klokman G, Bie-
lenberg DR, Puli N, et al. (2017) Cytochrome P450 monooxygenase lipid metabolites are
significant second messengers in the resolution of choroidal neovascularization. Proc Natl Acad
Sci USA 114:E7545-E7553.

Hatsis P, Waters NJ, and Argikar UA (2017) Implications for metabolite quantification by mass
spectrometry in the absence of authentic standards. Drug Metab Dispos 45:492-496.

Holl6 G, Whitson JT, Faulkner R, McCue B, Curtis M, Wieland H, Chastain J, Sanders M,
DeSantis L, Przydryga J, et al. (2006) Concentrations of betaxolol in ocular tissues of patients
with glaucoma and normal monkeys after 1 month of topical ocular administration. Invest
Ophthalmol Vis Sci 47:235-240.

Holtkamp GM, Van Rossem M, de Vos AF, Willekens B, Peek R, and Kijlstra A (1998) Polarized
secretion of IL-6 and IL-8 by human retinal pigment epithelial cells. Clin Exp Immunol 112:
34-43.

Huang Q, Rui EY, Cobbs M, Dinh DM, Gukasyan HJ, Lafontaine JA, Mehta S, Patterson BD,
Rewolinski DA, Richardson PF, et al. (2015) Design, synthesis, and evaluation of NO-donor
containing carbonic anhydrase inhibitors to lower intraocular pressure. J Med Chem 58:
2821-2833.

Iyer GR, Patel Y, and Teuscher NS (2012) A novel study using accelerated mass spectrometry to
evaluate the pharmacokinetics of total (14)C AL-8309 (tandospirone) following topical ocular
administration in healthy male subjects. Clin Pharmacol Drug Dev 1:4-13.

Kahn CR, Young E, Lee IH, and Rhim JS (1993) Human corneal epithelial primary cultures and
cell lines with extended life span: in vitro model for ocular studies. Invest Ophthalmol Vis Sci 34:
3429-3441.

Kashyap MV, Ranjan AP, Shankardas J, and Vishwanatha JK (2013) Establishment of human
retinal microvascular endothelial cells with extended life-span. In Vivo 27:685-694.

Kass MA and Holmberg NJ (1979) Prostaglandin and thromboxane synthesis by microsomes of
rabbit ocular tissues. Invest Ophthalmol Vis Sci 18:166-171.

Ke TL, Graff G, Spellman JM, and Yanni JM (2000) Nepafenac, a unique nonsteroidal prodrug
with potential utility in the treatment of trauma-induced ocular inflammation: II. In vitro bio-
activation and permeation of external ocular barriers. Inflammation 24:371-384.

Khojasteh SC, Rietjens IMCM, Dalvie D, and Miller G (2017) Biotransformation and bioactivation
reactions - 2016 literature highlights. Drug Metab Rev 49:285-317.

Kishida K, Matsumoto K, Manabe R, and Sugiyama T (1986) Cytochrome P-450 and related
components of the microsomal electron transport system in the bovine ciliary body. Curr Eye
Res 5:529-533.

Kolln C and Reichl S (2012) mRNA expression of metabolic enzymes in human cornea, corneal
cell lines, and hemicornea constructs. J Ocul Pharmacol Ther 28:271-277.

Kruszewski FH, Walker TL, and DiPasquale LC (1997) Evaluation of a human corneal epithelial
cell line as an in vitro model for assessing ocular irritation. Fundam Appl Toxicol 36:130-140.

Kubo Y, Akanuma SI, and Hosoya KI (2018) Recent advances in drug and nutrient transport across
the blood-retinal barrier. Expert Opin Drug Metab Toxicol 14:513-531.

Lappin G and Garner RC (2004) Current perspectives of 14C-isotope measurement in biomedical
accelerator mass spectrometry. Anal Bioanal Chem 378:356-364.

Leeds JM, Henry SP, Truong L, Zutshi A, Levin AA, and Kornbrust D (1997) Pharmacokinetics of
a potential human cytomegalovirus therapeutic, a phosphorothioate oligonucleotide, after
intravitreal injection in the rabbit. Drug Metab Dispos 25:921-926.

Lu SC, Sun WM, Nagineni CN, Hooks JJ, and Kannan R (1995) Bidirectional glutathione
transport by cultured human retinal pigment epithelial cells. Invest Ophthalmol Vis Sci 36:
2523-2530.

Lv L, Li D, Wang H, Li C, Qian X, Dong HT, Sun J, and Zhao L (2017) Quantitation of lanosterol
in the vitreous humor of rabbits after ocular administration of lanosterol/thermogel formulation
by ultra high performance liquid chromatography-tandem mass spectrometry with the electro-
spray ionization mode. J Chromatogr A 1519:83-90.

Majumdar S, Hingorani T, Srirangam R, Gadepalli RS, Rimoldi JM, and Repka MA (2009)
Transcorneal permeation of L- and D-aspartate ester prodrugs of acyclovir: delineation of passive
diffusion versus transporter involvement. Pharm Res 26:1261-1269.

Miller L, Stier M, and Lovenberg W (1980) Evidence for the presence of N-acetyl transferase in rat
retina. Comp Biochem Physiol C Toxicol Pharmacol 66:213-216.

1683

Mohan RR, Possin DE, Mohan RR, Sinha S, and Wilson SE (2003) Development of genetically
engineered tet HPV16-E6/E7 transduced human corneal epithelial clones having tight regulation
of proliferation and normal differentiation. Exp Eye Res 77:395-407.

Molokhia SA, Jeong EK, Higuchi W1, and Li SK (2009) Transscleral iontophoretic and intravitreal
delivery of a macromolecule: study of ocular distribution in vivo and postmortem with MRI. Exp
Eye Res 88:418-425.

Murphy CJ, Bentley E, Miller PE, McIntyre K, Leatherberry G, Dubielzig R, Giuliano E, Moore
CP, Phillips TE, Smith PB, et al. (2011) The pharmacologic assessment of a novel lymphocyte
function-associated antigen-1 antagonist (SAR 1118) for the treatment of keratoconjunctivitis
sicca in dogs. Invest Ophthalmol Vis Sci 52:3174-3180.

Nakano M, Kelly EJ, Wiek C, Hanenberg H, and Rettie AE (2012) CYP4V2 in Bietti’s crystalline
dystrophy: ocular localization, metabolism of w-3-polyunsaturated fatty acids, and functional
deficit of the p.H331P variant. Mol Pharmacol 82:679-686.

Nakano M, Lockhart CM, Kelly EJ, and Rettie AE (2014) Ocular cytochrome P450s and trans-
porters: roles in disease and endobiotic and xenobiotic disposition. Drug Metab Rev 46:247-260.

Norris JL and Caprioli RM (2013) Analysis of tissue specimens by matrix-assisted laser desorption/
ionization imaging mass spectrometry in biological and clinical research. Chem Rev 113:2309-2342.

Noske W, Strauss O, Levarlet B, Wiederholt M, and Hirsch M (1995) Incomplete belts of tight junctions
in cultured non-pigmented human ciliary epithelial cells. J Submicrosc Cytol Pathol 27:1-8.

Novack GD and Moyer ED (2016) How much nonclinical safety data are required for a clinical
study in ophthalmology? J Ocul Pharmacol Ther 32:5-10.

Onodera H, Sasaki S, Otake S, Tomohiro M, Shibuya K, and Nomura M (2015) General considerations
in ocular toxicity risk assessment from the toxicologists’ viewpoints. J Toxicol Sci 40:295-307.

Pearson PA, Jaffe GJ, Martin DF, Cordahi GJ, Grossniklaus H, Schmeisser ET, and Ashton P (1996) Evaluation
of a delivery system providing long-term release of cyclosporine. Arch Ophthalmol 114:311-317.

Rahi AH, Chapman CM, Garner A, and Wright P (1976) Pathology of practolol-induced ocular
toxicity. Br J Ophthalmol 60:312-323.

Ranta VP, Laavola M, Toropainen E, Vellonen KS, Talvitie A, and Urtti A (2003) Ocular phar-
macokinetic modeling using corneal absorption and desorption rates from in vitro permeation
experiments with cultured corneal epithelial cells. Pharm Res 20:1409-1416.

Rao VR, Prescott E, Shelke NB, Trivedi R, Thomas P, Struble C, Gadek T, O’Neill CA,
and Kompella UB (2010) Delivery of SAR 1118 to the retina via ophthalmic drops and its
effectiveness in a rat streptozotocin (STZ) model of diabetic retinopathy (DR). Invest Oph-
thalmol Vis Sci 51:5198-5204.

Renouf DJ, Velazquez-Martin JP, Simpson R, Siu LL, and Bedard PL (2012) Ocular toxicity of
targeted therapies. J Clin Oncol 30:3277-3286.

Salminen L, Imre G, and Huupponen R (1985) The effect of ocular pigmentation on intraocular
pressure response to timolol. Acta Ophthalmol Suppl 173:15-18.

Saneto RP, Awasthi YC, and Srivastava SK (1982) Glutathione S-transferases of the bovine retina.
Evidence that glutathione peroxidase activity is the result of glutathione S-transferase. Biochem J
205:213-217.

Schwartzman ML, Masferrer J, Dunn MW, McGiff JC, and Abraham NG (1987) Cytochrome
P450, drug metabolizing enzymes and arachidonic acid metabolism in bovine ocular tissues.
Curr Eye Res 6:623-630.

Shimada S, Mishima H, Kitamura S, and Tatsumi K (1988) Metabolism of drugs in the eye. Drug-
reducing activity of preparations from bovine ciliary body. Curr Eye Res 7:1069-1075.

Short BG (2008) Safety evaluation of ocular drug delivery formulations: techniques and practical
considerations. Toxicol Pathol 36:49-62.

Sulaiman RS, Park B, Sheik Pran Babu SP, Si Y, Kharwadkar R, Mitter SK, Lee B, Sun W, Qi X,
Boulton ME, et al. (2018) Chemical proteomics reveals soluble epoxide hydrolase as a thera-
peutic target for ocular neovascularization. ACS Chem Biol 13:45-52.

Sunkara G and Kompella UB (2003) Membrane transport processes in the eye, in Ophthalmic Drug
Delivery Systems (Mitra AK ed) pp 17-58, Marcel Dekker, New York.

Tamaki C, Nagayama T, Hashiba M, Fujiyoshi M, Hizue M, Kodaira H, Nishida M, Suzuki K,
Takashima Y, Ogino Y, et al. (2013) Potentials and limitations of nonclinical safety assessment
for predicting clinical adverse drug reactions: correlation analysis of 142 approved drugs in
Japan. J Toxicol Sci 38:581-598.

Toropainen E, Ranta VP, Vellonen KS, Palmgrén J, Talvitie A, Laavola M, Suhonen P, Him-
ldinen KM, Auriola S, and Urtti A (2003) Paracellular and passive transcellular permeability in
immortalized human corneal epithelial cell culture model. Eur J Pharm Sci 20:99-106.

Umehara K and Camenisch G (2012) Novel in vitro-in vivo extrapolation (IVIVE) method to
predict hepatic organ clearance in rat. Pharm Res 29:603-617.

Urtti A, Polansky J, Lui GM, and Szoka FC (2000) Gene delivery and expression in human retinal
pigment epithelial cells: effects of synthetic carriers, serum, extracellular matrix and viral pro-
moters. J Drug Target 7:413-421.

Volotinen M, Mienpéi J, Kautiainen H, Tolonen A, Uusitalo J, Ropo A, Vapaatalo H, and Aine E
(2009) Ophthalmic timolol in a hydrogel vehicle leads to minor inter-individual variation in
timolol concentration in aqueous humor. Eur J Pharm Sci 36:292-296.

Ward SL, Walker TL, and Dimitrijevich SD (1997) Evaluation of chemically induced toxicity using
an in vitro model of human corneal epithelium. Toxicol In Vitro 11:121-139.

Xiang CD, Batugo M, Gale DC, Zhang T, Ye J, Li C, Zhou S, Wu EY, and Zhang EY (2009)
Characterization of human corneal epithelial cell model as a surrogate for corneal permeability
assessment: metabolism and transport. Drug Metab Dispos 37:992-998.

Zane PA, Brindle SD, Gause DO, O’Buck AJ, Raghavan PR, and Tripp SL (1990) Physico-
chemical factors associated with binding and retention of compounds in ocular melanin of rats:
correlations using data from whole-body autoradiography and molecular modeling for multiple
linear regression analyses. Pharm Res 7:935-941.

Zhang T, Xiang CD, Gale D, Carreiro S, Wu EY, and Zhang EY (2008) Drug transporter and
cytochrome P450 mRNA expression in human ocular barriers: implications for ocular drug
disposition. Drug Metab Dispos 36:1300-1307.

Zhang W, Prausnitz MR, and Edwards A (2004) Model of transient drug diffusion across cornea. J
Control Release 99:241-258.

Zimmerman TJ (1993) Topical ophthalmic beta blockers: a comparative review. J Ocul Pharmacol
9:373-384.

Address correspondence to: Dr. Upendra A. Argikar, Novartis Institutes for
BioMedical Research, Inc., Pharmacokinetic Sciences, 250 Massachusetts Ave-
nue, Cambridge, MA 02139. E-mail: upendra.argikar@novartis.com

1202 ‘6T Jequieidss Uo sfeuinop 13dSY 1 610°SeuIno flpdse"pup Wwoiy papeojumoq


mailto:upendra.argikar@novartis.com
http://dmd.aspetjournals.org/

