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ABSTRACT Glutathione (GSH) is an abundant antioxidant
ubiquitous in nearly all cell types. Deficiency of GSH has been
linked to ocular disease and viral infection. Other established
vital roles of GSH include detoxification and immunoprotec-
tion. Endogenous GSH plays a protagonist’s role in safeguard-
ing active transport processes compartmentalized at the inter-
face between conjunctival mucosa and the tear film. Optimal
electrokinetic transport across the conjunctival epithelium
requires the mucosal presence of GSH. Glutathione is the most
abundant known endogenous antioxidant molecule in tear
fluid, mainly derived from conjunctival secretion. Conjunctival
GSH transport, a major kinetic component of GSH turnover,
occurs through multiple functionally distinct mechanisms. Cell
membrane potential regulates conjunctival GSH efflux, while
conjunctival GSH uptake requires extracellular Na*. Significant
modulation of GSH, its constituent amino acids, and func-
tions of associated transporters occurs in the conjunctival
epithelium with viral inflammatory disease. Topical conjunc-
tival delivery of GSH, its metabolic precursors, or pharmaco-
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logic stimulation of endogenous conjunctival GSH secretion
carry potential in alleviating viral-inflammatory conjunctivitis.
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I. INTRODUCTION

ge-related ocular diseases characteristically exhibit
an inability of afflicted tissues to offset oxidative

insult, a feature that may play a chronic role in in-
jury of epithelia found at the corneo-conjunctival tear fluid
boundary. This epithelial barrier provides local defensive
organization as a last obstacle against penetration into deeper
tissues by toxic, microbial, and mechanical insults from the
outside environment. Tears are the first line of defense for
the ocular surface, concentrating locally released biochemical
mediators, and they play a major role in the immunology of
the pre-ocular milieu. Glutathione (GSH) is the most abun-
dant biological antioxidant found in mammalian tear fluid.
Vital roles of GSH include detoxification of electrophiles,
maintenance of protein thiol status, free radical scavenging,
and participation in immunoprotection. Conjunctival mucin
and fluid secretion, driven by intricate subcellular transport
machinery, plays a supplementary defensive role by partially
contributing to the tear film structure and function. In this
setting, conjunctival GSH metabolism and transport are
essential in the maintenance of homeostasis, both in the
tissue epithelium and stroma, with an emerging immuno-
pharmacological importance for the ocular surface. Recent
studies on conjunctival GSH turnover have generated great
interest in ocular surface protection and maintenance during
inflammatory disease and oxidant stress.

Il. A COMPARTMENTALIZED PERSPECTIVE
OF CONJUNCTIVAL EPITHELIAL
TRANSPORT MECHANISMS
A. Solute Transport
The conjunctiva is a thin, mucus-secreting, vascularized
tissue that covers the inner surface of the eyelids and the
anterior sclera where the cornea begins.! In terms of surface
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area, the conjunctival epithelium occupies 80% of the ocular
surface, functioning as a protective barrierand participating in
the maintenance of tear film stability by means of the mucus
secreted from resident goblet cells.! The dynamic physi-
ological nature of the conjunctiva is demonstrated through
the identification of several active transport mechanisms
for Na*/substrate- and H*/peptide-absorption, as well as
Cl-/anion-secretion.* Electrophysiological measurements and
isotopic flux studies indicate that a majority of this active ion
transport by the epithelial cells is composed of net serosal to
mucosal Cl- secretion, while the remainder is attributed to a
net mucosal to serosal Na* absorption.” Notably, the existence
and apical localization of cystic fibrosis transmembrane con-
ductance regulator protein (CFTR) has been confirmed and
validated in the pigmented and albino rabbit and rat, as well as
in porcine conjunctival epithelia.®” It has been suggested that
the mucosal exit of Cl- from conjunctival epithelial cells (CEC)
may be coupled to the parallel secretion of fluid and GSH.®

A quantitative assessment of the relative and individual
contributions of various active sodium and chloride trans-
port processes in ocular surface ion and fluid secretion for
tear film homeostasis was recently proposed as an iterative
mathematical model.'® Functioning in concert, molecular
transport mechanisms of ions and substrates partly sustain
the tear film, coating the immediate microenvironment that
lines the mammalian ocular surface (Figure 1).

B. lon Transport
An automatic voltage clamp apparatus has been used
to collectively measure all active and electrogenic biophysi-

cal processes that occur in the conjunctiva.!’ Conjunctival
short circuit current, I, represents the cumulative sum of
all active (and electrogenic) current conveyed by various
ions transported across the conjunctiva. Surgically excised
pigmented rabbit conjunctival tissues exhibit a spontaneous
potential difference (PD) of 15.5 + 1.5 mV (mean + SEM)
across (tear side negative) when mounted in a modified
Ussing chamber.>!1-13

Strong temperature dependency and the inhibitory
effect of serosal ouabain on the rabbit conjunctival I are
characteristic of active Na*,K*-ATPase driven ion transport
in this tissue.!! While oxidation may have a direct, yet non-
specific, effect on basolateral Na*,K*-ATPase pumps in the
conjunctiva, elevated endogenous H,O, levels can mediate
the reduction in tissue GSH level and trigger secondary
mechanisms that are responsible for processing of oxidized,
damaged, and nonfunctional membrane proteins.

Age-related ocular diseases usually manifest an inabil-
ity to sufficiently cope with oxidation, a feature that may
contribute to the accumulation of damaged protein(s) in
ocular tissues like the conjunctiva. A decline in the ability
to respond toward oxidative stress with time of cellular
self-repair and protein turnover mechanisms, such as ubi-
quitination and proteosomal activity, is associated with
tissue injury.!*!> Whether or not similar pathways play
a role in oxidant and GSH-mediated modulation of ion
transporters in the pigmented rabbit conjunctiva is a crucial
topic for further investigation.

Measurements of tissue I (or comparable whole cell ion
currents and conductances) have been validated as suitable
endpoints to characterize the effect of oxidative stress on
ion transport across a number of epithelia. For example,
H,0, and GSH modulation of specific Cl- channels in the
human retinal pigment epithelium (RPE)!® and t-butyl-
hydroperoxide-induced changes in permeability and ion
permeation-selectivity in rat tracheal epithelia!” were inves-
tigated to correlate the role of redox balance as it relates to
fundamental epithelial transport processes participating in
regulation of cellular pH, volume, or levels of extracellular
fluid.'®1° Hydrogen peroxide elicited asymmetric effects on
active ion transport rates and transepithelial resistance to
passive solute flow in rat alveolar epithelial cell monolayers
on permeable supports.?

In alveolar epithelium, although the addition of H,0,
to either apical or basolateral fluid decreased I gradually
in a dose-dependent manner, the basolateral treatment was
~100-fold more potent in terms of the effective concentra-
tion of H,O, at which I . was decreased by 50% (ICs).
Furthermore, the sensitivity of I to apical H,O, was in-
versely dependent on catalase (a ubiquitous heme protein
that catalyzes the dismutation of H,O, into water and
molecular oxygen) activity, whereas that of the basolateral
treatment was not.°

Recent results show that mucosal GSH is crucial for
the maintenance of proper ion transport activity in isolated
pigmented rabbit conjunctival tissues. Conjunctival net
GSH secretion may be the primary mechanism of counter-
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acting mucosally generated peroxides
present within the immediate micro-
environment of the tear film in contact
with this tissue. Mucosally applied
GSH (or analogs) provide functional
protection of Na*,K*-ATPases in the
serosal membranes, maintaining the
physiological activity of conjunctiva
under oxidative stress. Glutathione
may be important in the modulation
of cellular responses that lead to the
processing of oxidized, damaged, and
nonfunctional membrane proteins
found in age-related ocular diseases
under oxidant stress.?!

C. Critical Role of Antioxidants in

Tear Film

Its unique location and immediate
proximity to the surrounding envi-
ronment expose the conjunctiva to
oxidative insult emanating from light,
heat, chemicals, atmospheric (nox-
ious) gases, or physical abrasion. Al-
though several antioxidant molecules
are known to be present within tear
fluid secretions, their exact source is

onjunctiva

Figure 1. Conjunctival GSH turnover: biosynthesis and transport. Bulbar, fornicial, and tarsal
regions of conjunctiva are indicated by arrows, and the cornea is highlighted for contrast. The
enlarged section shows conjunctival epithelial and tear fluid microenvironment. Key active
transporters are shown, ie, serosal Na*,K*-ATPase pump and K*-channel, Na*:K*:2Cl-cotrans-
porter, as well as mucosal CFTR, working in concert with GSH and its constituent amino acid
transport and metabolic processes.

unclear.?? For example, ascorbate and

riboflavin are present at substantial levels in various tissues
at ocular surfaces and tear fluid, while their interaction in
the presence of light (or trace amounts of unbound metals
in the absence of light) spontaneously generates H,O, as
ascorbate is consumed.?®> The dual nature of ascorbate as
a pro- and anti-oxidant may partly contribute to the non-
specific defense mechanisms present in the mucin network
of the tear film, utilizing the natural bactericidal properties
of “autologous” H,0,.

Within the tear film, serving as a front line of chemi-
cal defense for the conjunctiva and cornea, endogenous
antioxidants and enzymes with antioxidative activity are
continuously regenerated. Conjunctival mucosal GSH
secretion is critical to the maintenance of ocular surface
redox homeostasis.?* As stated earlier, GSH not only serves
multiple, vital, detoxifying functions, but also participates
in the maintenance of essential thiol status of proteins, pro-
viding an intracellular reservoir for amino acid cysteine and
modulating critical cellular processes ranging from DNA
synthesis to immune function in the conjunctiva.

Ill. CONJUNCTIVAL GSH TURNOVER

A. Biosynthesis

Glutathione (y-L-glutamyl-L-cysteinyl-glycine) is syn-
thesized in virtually all known cell types, including con-
junctival epithelial cells, from the precursor amino acids
L-cysteine, glycine, and L-glutamic acid through a two-step
pathway involving the rate-limiting enzyme y-glutamylcys-
teine synthetase (GCS) and glutathione synthetase.?>2° The

availability of sulfur amino acid precursor L-cysteine is
critical for maintenance of intracellular GSH. An amino acid
transport system highly specific for L-cystine (the oxidized,
-S=S, form of L-cysteine) and L-glutamate, operating in a
Na*-independent manner, has been described in many cell
types including human RPE.?’

In addition to the widely distributed X~ system, other
known transporters for L-cystine like b%* and X, exist.?8
Transcriptional modulation of these transporters from oxi-
dative insults can result in reduced levels of cytoplasmic
GSH. In immortalized human RPE cells, nitric oxide (NO)
causes adaptive induction of the X~ amino acid transport
system and increases L-cystine uptake, elevating intracel-
lular GSH levels.?” Nitrosative stress also causes a parallel
induction of L-cystine uptake and the key enzyme GCS
in the conjunctiva. However, this response may be het-
erogeneous, involving more than one specific amino acid
transporter system.

Functional transport mechanisms for L-cyst(e)ine in the
conjunctival epithelium are multifactorial. While conjunc-
tival tissue L-cyst(e)ine may be of systemic or intraocular
origin, it may also arise from the catabolism/metabolism of
GSH itself. After GSH is released into extracellular space, it
is subsequently degraded via a two-step enzymatic process*
that releases one equivalent of L-cysteine, which is then
salvaged by active reuptake into the conjunctiva (Figure 1).
Expression of y-glutamyl transpeptidase (GGT), an enzyme
that cleaves the y-glutamyl bond of GSH, has been shown
in excised conjunctival tissue and primary CEC utilizing
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freshly isolated conjunctival epithelial cells, suggesting
that the breakdown and re-synthesis of GSH within the
tear film may be an important component of overall GSH
metabolism in this tissue.?!2*27

B. Transport

The superficial cell in multicell-layered conjunctiva
largely dictates the electrochemical transport properties
of the conjunctiva, due to its moderate-to-low tight junc-
tional conductance. Exact enumeration of tight junctional
conductance relative to overall tissue conductance of con-
junctiva has not been reported to date. It is necessary to
model the conjunctiva as a simplified single-cell-layered
membrane with a parallel shunt in order to illustrate
directionally asymmetrical fluxes of GSH with all other
operating, electrochemically connected transport processes.
However, since the conjunctiva is a complex multi-layered
tissue, such a simplistic consideration might disregard pos-
sible bilaminar unstirred layers. Outer (overlying cells) and
inner (in between cells) tear fluid lamina of the superficial
conjunctival cell layer are stagnant due to their proximity to
the stationary cells, and could act as diffusion barriers that
influence paracellular movements among other transport
phenomena (Figure 1). However, the estimates of paracellu-
lar GSH flux would only involve basal rates, but would not
be predictive of modulation in transcellular transport.

GSH export into the extracellular space contributes pre-
dominantly to its turnover. A facilitative, Na*-independent
GSH efflux system that mediates GSH transport from high-
millimolar tissue concentrations to micromolar levels in
vascular fluid has been characterized in several cell types.3%-!
Efflux of cytoplasmic GSH occurs in its reduced and oxi-
dized form, or as a chemical conjugate with toxins. Export
of reduced GSH into the luminal space lined by polarized
epithelia of intestine, kidney, upper airway, and conjunctiva
has been shown 824323 Evidence has been presented for a
role of the ATP-binding cassette (ABC) transporter family
as GSH carriers. Organic anion transporter protein (oatp1),
hepatic basolateral organic solute transporter, and Mrp(1 or
2), ATP-dependent multidrug resistance-associated plasma
membrane transport proteins (basolateral or canalicular)
were all shown to mediate GSH efflux.3!-*>3¢ Evidence for
the presence of Na*-dependent GSH uptake transporters in
tissues such as the conjunctiva, lens, and liver have also been
reported in recent studies,?”-*® although their identity and
regulation at the molecular level is not fully understood.

IV. THE CONJUNCTIVA SECRETES GSH INTO

TEAR FILM: POSSIBLE INVOLVEMENT OF CFTR
A. Mechanistic Links Between ClI- and GSH Efflux

It is believed that the efflux of GSH may be dependent
on the efflux of chloride. For example, abnormal transport
of GSH may be caused by CFTR mutation in cells or tis-
sues obtained or originated from cystic fibrosis (CF) pa-
tients.3?3? Pathology in CF disease is linked to a mutation
in the CFTR CI~ channel leading to diminished efflux of
cytoplasmic GSH into the extracellular space from certain

cells that do not express other ClI~ channels. In this abnor-
mal transport-related illness, total GSH in epithelial cells is
at normal levels, but the cells lack proper anion secretory
capability, creating a chronic and progressive extracellular
deficit of GSH.®

The secretion modality of GSH into the tear fluid by
conjunctiva may be subject to similar pathophysiological
regulatory mechanisms. Tear fluid concentrations of Na,
K*, Cl-, and Ca?* were estimated at various flow rates for
normal and CF subjects. Steady-state levels of the ions in
tear fluid are abnormal in patients with CE, and high tear
Ca?* and low tear Na* are prevalent characteristics. %
Although tear film GSH content has not been evaluated
systematically in CF to date, other factors such as age,
gender, and the environment did not seem to account for
the corneal pathology of CF patients.**

Studies suggest that CFTR may have an additional
function (albeit it is not clear if CFTR per se conducts
GSH), namely, to facilitate GSH export from cells.®** For
example, cells expressing mutant CFTR (AF508) showed
decreased GSH efflux compared to cells expressing wild
type CFTR.®

Gao et al hypothesized that some of the lung pathol-
ogy associated with CF might be due to inadequate GSH
transport into the airway epithelial lining fluid.® This lining
fluid normally contains high levels of GSH, approximately
400 pM, compared with blood plasma levels of only 5-20
PM.39:4647 The GSH content of airway epithelial lining fluid
from CF patients is approximately one third of that in nor-
mal humans.*® Similarly, CFTR knockout mice have lower
levels of GSH in their airway epithelial lining fluid,*-°
and this deficiency may render the lung epithelia more
susceptible to oxidative damage from chronic infection
and inflammation.®

Interestingly, Cantin et al, using a model cell line, re-
cently demonstrated that the expression of CFTR protein is
tightly downregulated by oxidant stress. Sublethal doses of
oxy-radicals markedly decreased CFTR in a time-dependent
manner with a parallel reduction in y-GCS catalytic subunit
level. In this regard, it may be surmised that suppression
of CFTR expression represents an adaptive response of
mucosal epithelium to an exogenous oxidant stress.*®

With use of biological and electrophysiological tech-
niques, CFTR has been identified in conjunctival tissues of
multiple species, including the pigmented rabbit (Figure
1).%7 Findings of decreased secretion of chloride, fluid, and
GSH, along with oxidant stress and Ad5-infection of the con-
junctiva, may suggest a close interaction between the GSH
and chloride transporters, including CFTR.2!°! Biochemi-
cal or molecular-biological information on the presence of
other organic anion transporters in the conjunctiva, or the
effect of viral infection on their expression and function, is
not available at the present time. The activity (and perhaps
abundance) of CFTR and the level or rate of GSH secretion
may be coupled together via yet unknown mechanisms.
There is also the additional possibility, as shown by recent
studies,” that CFTR itself directly mediates the efflux of GSH.
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B. The Role of CFTR in GSH Efflux
into Tear Fluid
Two theories regarding the influ-

Normal conjunctival function is
impaired due to mucosal GSH deficiency

ence of CFTR on the transport of GSH
can be postulated.

NORMAL

CONJUNCTIVAL EPIHELIUMJ

OXIDANT INDUCED
CONJUNCTIVITIS

p——
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proteoliposome experiments.** ATP
binding and hydrolysis in CFTR
regulates channel gating, suggesting
that ATP may alter substrate affinity

Figure 2.

and cellular damage.

Impairment of conjunctival function due to GSH deficiency. Delineating cascades
of tissue and cellular response following exposure to oxidative challenge: normal (left panel)
and inflamed (right panel) conjunctivas. Healthy (left panel), actively ion transporting epithe-
lial cells maintain a high GSH secretion rate, while presence of basal levels of mucosal GSH
allows for efficient electrophysiological activity of the conjunctiva and continuous repletion
of intracellular GSH. Inflamed and oxidant-challenged conjunctivas (right panel) are not able
to maintain functional ion transport to support GSH secretion, leading to inefficient recovery

of CFTR.523% The presence of GSH
alters ATPase activity of CFTR, similar
to what is known for MRP1, suggesting that GSH inhibits
CFTR ATPase activity’* and that this inhibition can change
the properties of CFTR, favoring GSH over chloride ions.**
Because CFTR is the only MRP family member that is func-
tionally polarized to the apical membrane of epithelial cells,
there is a high probability that it may in fact function as a
GSH transporter or channel. Assuming that CFTR is a major
route of GSH efflux from epithelial cells, oxidant-mediated
increases in cellular (but not in extracellular) GSH levels?!
suggest that suppression of CFTR function represents an
adaptive mechanism contributing to the preservation of
intracellular GSH during such stress conditions.*®

2. Theory 2: Modulation of GSH Transport Via

Alteration of Cl~ Gradients

The second theory proposes that CFTR does not medi-
ate direct transport of GSH, and instead modulates GSH
transport (occuring via other transporter proteins) through
its ability to alter Cl- gradients. Epithelial cells expressing
mutated CFTR regain GSH secretion when treated with
Cl-ionophores,* suggesting that the restoration of chloride
flux is sufficient to stimulate GSH transport. Additionally, a
decrease in mRNA level for MRP1 has been linked to cells
with mutated CFTR and shown to be even lower when
basal Cl- conductance is severely compromised.>> These
reports suggest that expression of MRP1 may be dependent
on CI- gradients, and that mutations in CFTR can inhibit
GSH transport via MRP1. CFTR influences the function
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of outwardly rectifying Cl- channels, potassium channels
in renal outer medullary ducts, and amiloride-sensitive
epithelial sodium channels,>® and, therefore, they may also
participate in modulation of MRP1 or perhaps other GSH
transporter activity.

V. CONJUNCTIVAL GSH AND ION TRANSPORT
IN AN ADENOVIRUS TYPE 5 (AD5) RABBIT
OCULAR INFECTION MODEL

Studies on GSH metabolism have become more impor-
tant with the emerging immuno-pharmacologic potential
of GSH.”” Thus, the role of metabolism/transport of GSH
in protecting the conjunctival tissue and in maintaining the
redox state of the conjunctival cells during inflammatory
disease and oxidant stress is a topic of great interest.

GSH was found to have antiviral properties and attenu-
ated viral replication in keratitis and conjunctivitis.’® The
mechanisms of reduction of virally-induced infection and
inflammation are complex and have not been fully eluci-
dated. Tt was suggested that the formation of sub-epithelial
infiltrates in the Ad5-infected ocular model is likely to be
immune-based,’ and antiviral drugs may block the forma-
tion of these infiltrates (Figure 2).

Clinical and in vivo studies suggested involvement of
proinflammatory cytokines in allergic conjunctivitis. Mod-
els of allergic conjunctivitis have shown a late-phase allergic
response,® indicating the possible involvement of inflam-
matory mediators. In fact, it was shown recently that hu-
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man conjunctival epithelial
cells, when stimulated by

GSH

Na*

lipopolysaccharide, secret-

ed several cytokines, such
as TNF-o, interleukin (IL)-
6, IL-8, and granulocyte-
macrophage colony stimu-
lating factor (GM-CSF),
which were undetectable
under normal conditions.®!
Thus, conjunctival epithe-
lial cells may contribute to
the pathogenesis of human
ocular diseases by pro-
ducing pro-inflammatory
cytokines, and this finding
may be helpful in designing
targets of therapy.
Although pharmaco-
logical manipulation of

GSH homeostasis in ocular

tissues and its effect on cy-
tokine-mediated responses
are essentially unknown,
unraveling the biochemistry
of redox-linked pathways
could be a reasonable clini-
cal approach. This concept
is supported by various

L-cystine

M

.,L-cystine

Figure 3. Proposed cellular mechanisms of virally induced perturbations in GSH homeostasis and potential
inflammatory response triggers. - indicate a biochemical inhibition mechanism, while 4—/<--- indicate
a stimulation or downstream response effect. Cytokine secretion from epithelial cells triggers elevation of
free radicals and antioxidant depletion. Antioxidants and GSH precursors (ie, L-cystine) have been shown
to downregulate cytokine activation of downstream inflammatory processes, while buthionine sulfoximine
(BSO, an agent that depletes GSH by inhibiting the rate-limiting synthetic enzyme yGCS, marked with a
“?”), has the potential to enhance cytokine secretion by upregulating ROS pathways.

studies of cytokine-GSH in-
teraction in other tissues.%2?

Interleukin-1 induced responses occur through modu-
lating redox-equilibrium.®* In addition, reactive oxygen
species (ROS) signaling that regulates the transcription
of IL-4, IL-6, IL-8, and TNF-o occurs through a thiol-de-
pendent mechanism.®*%> Antioxidants and GSH precursors
have been shown to downregulate cytokine synthesis,
activation, and downstream processes. On the other hand,
buthionine sulfoximine (BSO, an agent that depletes GSH
by inhibiting the rate-limiting synthetic enzyme (yGCS), has
the potential to enhance cytokine secretion by upregulating
ROS pathways (Figure 3).9

Many studies stress the importance of GSH in the con-
junctiva, demonstrating that GSH supplementation leads
to attenuation of conjunctivitis and keratitis caused by viral
infection.”® For example, we reported that adenovirus type
5 infection of rabbit eyes decreases conjunctival GSH lev-
els.>! Moreover, fluid and Cl- secretion across Ad5-infected
conjunctival epithelium are also severely impaired in this
model.®® Since inflammatory events, such as cytokine and
ROS production, are recognized as major participants in
ocular pathophysiology, they may define the protective role
of GSH under these conditions. Elevated levels of conjunc-
tival lipid peroxidation, up-regulation of transporters that
supply the conjunctiva with L-cyst(e)ine (a rate-limiting
process in cellular GSH homeostasis), and diminished net
mucosal secretion of reduced GSH are processes closely

regulated either directly by viral infection (ie, expression of
viral proteins) or through other pathologic consequences of
viral infection (ie, induction of NOS2). (See Figure 3.)

Active ion transport in the pigmented rabbit conjunc-
tiva is accomplished by Cl- secretory component(s) driven
by the activity of the basolateral Na* K*-ATPase. A family
of mucosal CI~ channels in the conjunctiva mediate the
secretion of this anion, in parallel with that of GSH, from
blood to tear side.

The complex Cl- secretory mechanism(s) and activity
of basolaterally-localized pumps have their own level of
susceptibility to oxidative damage or inflammation. It is
reasonable to postulate that the degree of vulnerability to
oxidative damage may be related to abundance and oxidiz-
able features of given transporters or other cellular compo-
nents; the adverse effect of oxidative agents on conjunctival
physiological function is likely to be decreased when the
epithelial cells are treated mucosally with pharmacological
levels of GSH. Specifically, we hypothesize that physiologi-
cal levels of GSH present in mucosal surfaces are enough to
maintain a proper redox balance at the healthy conjunctival
epithelium, and pharmacological GSH levels can restore
this balance in oxidation-induced conjunctival disease(s).
Suppression of CFTR function due to genetic defects or
via natural design for defense can represent mechanisms
contributing to the preservation of intracellular GSH during
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stress conditions. Although CFTR-mediated Cl- and GSH
secretion across conjunctival epithelia is defective due to
mutation(s) in CFTR, the epithelium retains capacity to
biosynthesize GSH and secrete (in parallel with Cl-) via
alternative pathways. Modalities via these pathways to re-
store the secretion of conserved stores and/or direct topical
delivery GSH to the ocular mucosa may offer methods to
restore redox balance and healthy conjunctival function.

The proposal that conjunctival function will be impaired
due to GSH deficiency is depicted schematically in Figure 2.
When both normal (left panel) and inflamed (right panel)
conjunctivas are exposed to oxidative challenge, recruit-
ment of inflammatory elements and oxidative damage are
the known outcome. Rapid depletion of intracellular GSH
can put the conjunctival epithelium at risk for further
damage. Healthy (left panel), actively ion-transporting
epithelial cells are able to maintain a high GSH secretion.
The presence of an adequate level of mucosal GSH allows
for efficient electrophysiological activity of the conjunctiva
and subsequent (and perhaps continuous) repletion of
intracellular GSH. By contrast, in inflamed and oxidant-
challenged conjunctivas (right panel), epithelial cells are not
able to maintain proper functional ion transport and cannot
continue to provide GSH secretion, leading to inefficient
recovery and cellular damage. ROS and stress signals are
released in the milieu, leading to exacerbated inflammation
and damage to tissue structure and (sub)cellular assembly,
favoring infection and obstruction (Figure 2).

VI. POTENTIAL PROSPECTS FOR
GSH-MEDIATED PHARMACOTHERAPY IN
OPHTHALMIC DISEASE(S)

Animal models based on viral infection intended for
studying pathogenesis of conjunctival diseases have been
developed and validated.”® The importance of GSH in
cell protection in ocular tissues is also established.”® Our
laboratory has presented evidence for the importance of
transport of GSH and its sulfur amino acid precursor L-
cystine in CEC. We also demonstrated that in conjunctiva
under physiological conditions, apical GSH secretion is
the primary pathway of GSH turnover.?* Since the tear
fluid contains >100 pM GSH (about an order of magni-
tude higher than that in blood plasma), it is likely that an
impairment of GSH secretion can cause a decrease in tear
GSH and, thus, may compromise tear film function and
protective properties.

The antiviral activity of GSH in some epithelial cell
models has been reported. For example, administration of
GSH inhibited viral replication of Sendai Virus, HSV-1, and
human immunodeficiency virus (HIV) infections.®”-%° GSH
in corneal tissue of rabbits decreased in HSV-1-induced
keratitis, and topical administration of GSH reduced the
severity and progression of keratitis and conjunctivitis.’®
The mechanism(s) for the decrease in GSH in viral infec-
tion or for its elevation during topical GSH treatment are
not known precisely to date. The metabolism of GSH in
pathological conjunctival tissue is also not understood.

Ocular inflammatory diseases due to viral infection are
common. Among these, the Ad5 replication model of ocular
disease has received a great deal of attention, particularly
with reference to studies showing suppression of viral rep-
lication and inflammation with steroidal and non-steroidal
antinflammatory drugs.”® Increases in production and
release of cytokines in adenovirus infection have also been
described.®! Our previous reports also show increased syn-
thesis and secretion of the key proinflammatory cytokines
with Ad5 infection in CEC.>!"'73 Since cytokine activa-
tion would lead to increased ROS and oxidant stress, it is
expected that cellular antioxidants would play a favorable
role in attenuating conjunctival inflammation (Figure 3).
Indeed, a beneficial effect of GSH and GSH prodrugs in
several viral infections have been recently reported,>®.68.7*
although GSH effect on Ad5-induced viral inflammation
has not been studied systematically to date.

Because our previous studies®! showed that conjuncti-
val GSH decreases significantly even before maximal viral
replication (day 3) occurs in the Ad5 infection model of
the pigmented rabbit, and that GSH depletion in conjunc-
tival epithelium leads to increased production of ROS, we
recently investigated the putative protective role of GSH
and the mechanisms involved in suppression of conjunc-
tival inflammation, utilizing Ad5-infected rabbits. The
endpoints measured represented two common clinical
parameters—Schirmer’s I test for measurement of tear pro-
duction rates and tear break-up time test with fluorescent
dye for estimation of tear film stability. Initial scores sug-
gested that supplementation with GSH led to maintaining
both of these parameters at levels close to those scored in
paired uninfected control eyes.”!

Based on literature reports on antiviral properties of
GSH and its analogs in other tissues and cell types, it is
reasonable to predict that treatments of infected conjunc-
tival tissue with GSH, GSH ester, and precursor prodrugs
are likely to suppress viral replication and reduce con-
junctivitis. The potency and mechanism may, however,
be different among the various GSH derivatives and may
also depend on the efficiency of virus infection (Ad5 vs
other viruses). Glutathione ester is highly permeable and
provides an efficient way to build up intracellular levels of
GSH due to endogenous esterase activity, and, thus, may
prove to be more effective in this regard. How the efficacy
of GSH-caused attenuation of conjunctival inflammation
will compare with the known modalities of antiviral drugs
in current use is not clear at this time. However, GSH (be-
ing an endogenous antioxidant) may offer some advantages
with respect to cytotoxicity and other side effects associated
with exogenous drug treatments. On the other hand, with
respect to the function of other antiviral or anti-inflamma-
tory drugs in the suppression of virally-induced conjunc-
tivitis, it is not known whether up-regulation of cellular
GSH accompanies protection offered by these drugs. The
mechanism of action of these drugs may involve blocking
of viral DNA synthesis and may occur via improvement
of the cellular thiol status. Finally, therapeutic approaches
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described herein may find application in other ocular
diseases (eg, corneal disease) associated with Ad5 or other
viruses such as HSV-1.

A decrease in GSH (possibly due to rapid efflux) and a
decrease in intracellular pH were suggested as important
consequences of virus infection in many different cell types,
including the rabbit cornea.®!%7-"> Virus infection, as well as
chemical insults, lead to production of lipid peroxides and
oxygen free radicals, necessitating the studies of oxidant
stress on the regulatory mechanisms of GSH metabolism.”®
During an acute stage of inflammation, an intense local
oxidation process takes place at the inflammatory center
through the production of free radicals. The extent of tis-
sue damage in acute conjunctival inflammation would be
the result of balance between the free radicals generated
and the cellular defense system. Thus, antioxidant therapy
can alleviate the change in GSH levels of cells subjected to
inflammatory disease and could have a prominent role in
the therapy of acute conjunctival inflammation.

The role of epithelial cells is less well defined with respect
to their participation in relieving conjunctival inflammation,
but they may very well respond to local inflammatory stimuli
by synthesis and secretion of cytokines. It is likely that the
chemokine and cytokine secretion from epithelial cells could
be the trigger for the elevation of oxygen free radicals and the
resultant antioxidant depletion and tissue damage (Figure 3).
Proinflammatory cytokines TNF-a, IL-6, IL-8, and granulo-
cyte-macrophage colony stimulating factor (GM-CSF) are
secreted by human CEC upon stimulation by endotoxins.®!
Induction of oxidant stress and secretion of pro-inflammatory
cytokines with Ad5 infection in freshly excised conjunctiva
were reported from our laboratories, in part by showing the
synthesis and release of TNF-ou and IL-6 in Ad5 infected
rabbit CEC.>1"1-7377 However, more confirmatory evidence
using a tissue culture model is needed to establish a contribu-
tory role of epithelial cells per se, and applicability of other
models of oxidant stress need to be investigated.

Conjunctival mucosal secretion of GSH carries great
physiological and pharmacological significance. The
baseline secretion of GSH into the tear film covering the
conjunctiva can play an important protective (serving as
a biochemical defense against oxidative insult) as well as
regulatory role (where it may modulate the function of vari-
ous enzymes that are either bound to conjunctival surface
or residing in tear film). Furthermore, the evidence showing
negligible GSH secretion from CEC during injury or disease
suggests that supplementation with exogenous GSH may
prove beneficial. Additionally, there are a number of phar-
macological ways to achieve higher GSH in tears or ocular
epithelium during disease (metabolic feeding, prodrugs,
molecular GSH, to name a few). The presence of GSH trans-
port mechanisms, the immediate local availability of the tar-
get in ocular surface disease by topical administration, and
the ease of preparation of pharmacological concentrations
of active GSH are all in favor of GSH-based therapeutics.

Glutathione offers unique advantages as a pharmaco-
logical agent for treatment of a number of epithelial cell

disorders. It is relatively safe, as high doses of GSH to cells
or tissues by extracellular administration have not been
found to be harmful 21158687 This may raise questions
about the potency of GSH as a therapeutic entity. The
wide range of pharmaceutical and therapeutic indications
for mucosal administration of reduced GSH compensate
required supraphysiological concentrations at the site of
action. While pharmacodynamics of GSH in epithelial cells
are not entirely unequivocal, as a natural antioxidant GSH
may have inherent exemptions from common toxicologi-
cal considerations associated with synthetic xenobiotics.
Various physical-chemical factors relevant for formulation
development, including pH and osmotic challenge, do not
present a difficulty in developing GSH as a pharmaceutical
product. Furthermore, most epithelial tissues susceptible
to pathological disorders are endowed with relatively high
tolerance to pharmacological doses of GSH.8867.74.78

For example, the ocular epithelium is unique in its
ability to handle high, pharmacological doses of topi-
cal ophthalmic GSH.?! Anatomy of the mammalian eye
plays an important role in the maintenance of tear film
homeostasis,! while utilization of topically applied GSH
within the tear film milieu is largely non-problematic, in
part due to anatomical characteristics of ocular tissues.
Basal tear production and drainage, as well as tear film
buffering capacity, play a regulatory role in disposition of
exogenous doses of topical GSH.”? All these factors act in
a coordinated fashion to sustain steady-state conditions of
ocular surface fluids.

Volume of the tear film covering the eye is about
7.5-10 pL under nonstimulated conditions, and a GSH
concentration range of 70-110 uM is found within this
compartment at steady state, sustaining a total amount of
160-340 ng of this antioxidant.?* Based on principles of
ocular pharmacokinetics and conventional topical liquid
dosage forms intended for ophthalmic use, the administra-
tion of a 5 times daily dose of 1550 pg GSH, formulated
as eyedrops of 50 pL volume containing 100 mM GSH
in phosphate buffered saline at pH 7.4, was found to be
viable in an Ad5-infection model of pigmented rabbits.”
Furthermore, a prodrug of GSH, GSH-monoethyl ester, was
also tolerated at 50 mM when administered in a regimen
identical to that of molecular GSH. Beneficial endpoints
were determined by estimates of tear break-up time (slit
lamp exams with topical fluorescein) and tear production
(Schirmer’s I test). Moreover, the animals tolerated these
high, pharmacological doses of reduced GSH without
showing any stress identifiable by immediate reflexes to the
administered eyedrops or subsequent visual examination
methods evaluating conjunctival irritation.”!

The advantage of using GSH prodrugs is threefold and
warrants further discussion. Prodrugs of GSH may be de-
signed to have improved physicochemical properties (ie,
stability and solubility) and additional passive diffusive
penetration efficiency across lipid bilayers of epithelial cells.
In fact, mono- or di-alkyl esters of GSH have been synthe-
sized utilizing the two free carboxylic acid end groups on
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the molecule, and these successfully elevated intracellular
GSH levels in artificially GSH-depleted cells.?!7% Possibili-
ties exist for making novel prodrugs of GSH that can offer
proprietary opportunities. Based on current understanding,
one advantage of using cell membrane-permeable analogs
of GSH as prodrugs is that this could bypass feedback
inhibition in de novo GSH biosynthesis (a well-known
phenomenon that occurs when the cytoplasmic milieu is
overloaded with exogenous GSH), since the analogs are
not recognized as substrates for GSH synthetase nor for
v-glutamyl cysteine synthetase. Novel prodrugs of GSH
may be chemically engineered to possess intrinsic proper-
ties that allow their metabolic longevity in GSH-secreting
mammalian epithelia (ie, conjunctiva).

Reduced GSH appears to be the active ingredient that
produces therapeutic improvement in ocular disease as
a topically administered agent. Because GSH is constitu-
tively secreted from epithelial cells of various mammalian
tissues, including the conjunctiva, and it is present in all
cells, it will be challenging to identify specific molecular
targets that GSH protects. Through the studies presented
in this review, the protective role of mucosally secreted
or administered GSH in maintaining proper functioning
of active ion transport that occurs across the conjunctival
epithelium is linked to specific molecular targets of GSH
protection (which may be numerous in nature, although
the Na*,K*-ATPase appears to be a likely prospect).

The formulation of topical ophthalmic GSH may be
challenging from a pharmaceutical point of view. Stabil-
ity by formulation design needs to achieve resistance to
auto-oxidation, reduce odor (a common characteristic to
all thiol-containing small molecules), lengthen residence
time in the conjunctival sac after application, and control
for pH and osmotic modalities. The topical ophthalmic
delivery of GSH can also be improved by using prodrugs
(ie, the carboxy-esters of GSH are available with better
cell-permeating properties). Finally, biosynthesis of GSH
from metabolic precursors may offer a third method of
endogenously elevating ocular epithelial GSH content.”

In summary, conjunctival GSH metabolism and trans-
port play a key role in the maintenance of homeostasis, pro-
tecting the intricate innate subcellular transport machinery
of this tissue. With an emerging immunopharmacological
importance, ocular surface GSH contributes to the com-
plexity of tear film makeup and function, where potential
therapeutic benefits necessitate further research to gain
greater understanding.
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