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Abstract

Glaucoma patients routinely take multiple medications, with multiple daily doses, for years or even decades.
Benzalkonium chloride (BAK) is the most common preservative in glaucoma medications. BAK has been de-
tected in the trabecular meshwork (TM), corneal endothelium, lens, and retina after topical drop installation and
may accumulate in those tissues. There is evidence that BAK causes corneal and conjunctival toxicity, including
cell loss, disruption of tight junctions, apoptosis and preapoptosis, cytoskeleton changes, and immunoin-
flammatory reactions. These same effects have been reported in cultured human TM cells exposed to concen-
trations of BAK found in common glaucoma drugs and in the TM of primary open-angle glaucoma donor eyes.
It is possible that a relationship exists between chronic exposure to BAK and glaucoma. The hypothesis that BAK
causes/worsens glaucoma is being tested experimentally in an animal model that closely reflects human

physiology.

Introduction

GLAUCOMA REFERS TO a group of progressive optic
neuropathies that are the leading cause of irreversible
blindness in the world." Open-angle and angle-closure
glaucoma, together, are the second leading cause of world
blindness after cataracts.” Glaucoma is often undiagnosed
until vision loss has occurred. It is estimated that worldwide
90% of affected people are undiagnosed, while in developed
countries, the estimate drops to 50%.% As of 2010, there were
44.7 million people in the world with open-angle glaucoma
and the prevalence is projected to increase to 58.6 million
globally by 2020.>

Several large clinical trials have shown that lowering in-
traocular pressure slows glaucoma progression, preserving
visual function.*” Lowering IOP remains the mainstay of
glaucoma treatment. Once diagnosed, patients generally
begin treatment with eye drops.” The most commonly pre-
scribed drugs act on either the ciliary muscle cells to increase
the uveoscleral outflow (prostaglandin analogs that bind to
and activate prostaglandin FP receptors) or the ciliary pro-
cess epithelia to reduce aqueous humor production (eg, beta-
adrenergic receptor antagonists).” Most patients will be
treated with multiple classes of eye drops, in various com-
binations, with multiple daily doses, over their lifetime.

Medical therapy for chronic ocular diseases such as glau-
coma can lead to ocular surface disease (OSD),'*'* which is
a constellation of disorders affecting the eyelids, conjunctiva,
and/or the multilayered corneal surface. Symptoms include

burning, redness, irritation, fatigue, fluctuating visual acuity,
infection, and potential loss of vision. Although OSD is seen
in approximately 15% of the general elderly popula’tion,15 as
many as 59% of patients with medically treated glaucoma or
ocular hypertension report symptoms of OSD in at least 1
eye.'” Symptom severity is correlated with the number of
IOP-lowering medications used and is often attributed to
preservatives in the formulation, most commonly benzalk-
onium chloride (BAK)."'™ It is likely that some patients are
more sensitive to BAK than others. Recognizing these BAK-
sensitive individuals may be important when considering
treatment options, weighing the costs and benefits of using
preservative-free solutions.'*

Preservative use is associated with a number of adverse
effects. It can increase the number of inflammatory cells in
the conjunctiva,16 which is a risk factor for failed trabecu-
lectomy."”~"? Filtration surgery failure can also result from
subconjunctival fibrosis, which can be caused by fibroblast
proliferation, collagen synthesis, and glycosaminoglycan
deposition. A recent study showed a dose-response curve
for the amount of preoperative BAK exposure and trabecu-
lectomy failure; an increased amount of preserved drops
used per day increased the risk for surgical failure. This
study identified BAK as the most likely etiologic agent.*

Preservatives are required by regulatory agency pharma-
copeia guidelines to prevent bacterial and fungal contami-
nation in multidose eye drop containers,*** and BAK is the
most common preservative in ocular formulations. It is used
in approximately 70% of preserved ophthalmic solutions,
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while only 10% use other preservatives."* The typical BAK
concentration in commercial glaucoma medications is 0.005%
to 0.02%. BAK is a detergent polyquaternary ammonium
compound, which lyses cell membranes.” It has excellent
efficacy as a preservative and is familiar across industry and
regulatory agencies. Its ability to break cell—cell junctions in
the corneal epithelium facilitates the penetration of the to-
pically applied medication into the anterior chamber.**?*

There are global regulatory differences (between the FDA,
EMEA, Japanese and Australian agencies) in requirements
for preservatives used in multiple-dose vials. This can make
formulation decisions difficult for companies developing
ophthalmic drop products. It is more cost effective to get
regulatory approval and manufacture a single formulation
for global use and it is more cost effective to make multiple-
dose vials than unit dose packaging, of particular consider-
ation in emerging economies. Nevertheless, the accumulated
evidence of deleterious effects of BAK has spurred the de-
velopment of different classes of preservatives with a goal
of improved side effect profiles.*>*® These include Poly-
quaternium-1 (Polyquad), a detergent-type preservative re-
lated to BAK, initially developed for contact lens solutions.
Bacterial cells tend to attract it, yet human corneal epithelial
cells may repel the compound.'® Another class is oxidizing
preservatives. Stabilized oxychloro complex (SOC) is mar-
keted under the trade name Purite (Allergan, Irvine, CA).
SOC appears to be well tolerated by the ocular surface and
has broad antimicrobial activity, even at very low concen-
trations (0.005%).'**” Sodium perborate, also known as
GenAqua, was one of the first of the oxidative-type preser-
vatives and is used in lubricants such as Genteal eye drops
(Novartis Ophthalmics, East Hanover, NJ).}428 A fourth class
is ionic-buffered preservatives such as sofZia, found in tra-
voprost Z (Alcon, Fort Worth, TX). In vitro and in vivo studies
have shown a reduced toxicity to corneal and conjunctival
epithelial cells using these alternatives, compared with BAK-
containing glaucoma medications.**’

Multiple studies have found the IOP lowering efficacy of
glaucoma drugs using alternative preservatives, such as
SofZia and polyquad, as well as preservative-free formula-
tions, to be equivalent (or non-inferior) to BAK-containing
formulations.>'* Results are mixed regarding the reduc-
tion in OSD symptoms for patients using alternative pre-
servatives or preservative-free formulations. One review
article stated that the ill effects reported for BAK are often
not relevant to clinical practice because they are based on cell
and animal studies.’® A 2012 study with 353 patients on ei-
ther BAK-preserved travoprost or Polyquad- preserved tra-
voprost found no differences in subjective symptoms, SPK,
or conjunctival hyperemia.*> On the other hand, many
crossover studies have shown clear improvement in OSD
symptoms.** Part of this discrepancy may be the timing/
duration of treatment issue. Patients treated for 2 weeks™ to
3 months*® showed no significant differences in ocular tol-
erability between BAK and SofZia or preservative-free
compounds. A longer term study found that patients
switching from latanoprost to BAK-free travoprost showed
no decrease in hyperemia after 1 month, but showed sig-
nificant decreases at 3 and 12 months compared with base-
line (P<0.05).*!

That reductions in symptoms can take 12 or more weeks
may be the reason that shorter-term studies have not shown
a difference between preservative and preservative-free
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groups. Another study comparing BAK-preserved latano-
prost to BAK-free travoprost'? found that in the overall co-
hort of patients, mean OSD scores at the 12-week time point
were not statistically different, but significant improvement
was seen in the subsets of patients with mild OSD scores at
baseline and in patients who had long-term exposure to
BAK-preserved latanoprost 0.005% (more than 24 months)
before entry into the study. The latter finding suggests a
cumulative, long-term adverse effect of BAK, consistent with
its persistence in ocular tissues.*? (Fig. 1) OSD effects may
also depend somewhat on the active ingredient BAK is
combined with. In several in vitro and ex vivo studies, BAK
alone in commercial formulation concentrations and BAK
with timolol produced more deleterious effects in conjunc-
tival cells than BAK with prostaglandin analogues.***

BAK Effects in Cells and the Trabecular
Meshwork Mimic Glaucoma

The trabecular meshwork (TM) of glaucoma patients is
characterized by loss of TM cells, accumulation of extracel-
lular matrix (ECM), changes in the cytoskeleton, and accel-
erated senescence.”’*® Also implicated in glaucoma
pathogenesis are increased apoptosis, reactive oxygen spe-
cies (ROS), and inflammation.*”* These findings are also
reported in studies of multiple cell types treated with BAK.
Human conjunctival and corneal epithelial cells treated with

A

Conjunctiva

Corneal epithelium

Corneal endothelium

FIG. 1. (A) BAK is reported to affect/accumulate in the
cornea, lens, conjunctiva, iris, ciliary muscle epithelium, and
trabecular meshwork. Adapted from the National Eye In-
stitute, National Institutes of Health Ref#: NEAO4. (B) The
trabecular meshwork and Schlemm’s canal are less than
1mm away from the corneal and conjunctival surfaces,
where drops are applied. Image courtesy of Dr. Morton
Smith. BAK, benzalkonium chloride.
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BAK alone and glaucoma drugs containing BAK showed
reduced cell viability as well as increased apoptosis and
oxidative stress markers compared with cells treated with
PBS or alternative preservatives.”>2%20444>

Studies using human trabecular meshwork (HTM) cells
show similar effects. Damage to TM cells by glaucoma drugs
such as epinephrine and pilocarpine, with and without BAK,
have been documented by several groups.”>* Effects in-
clude reduced cell numbers, inhibition of cell growth, and
altered cell morphology, for example, disassembly of stress
fibers and filaments. Several of these studies included ex-
periments testing BAK alone. In human TM cells, BAK
concentrations as low as 0.00002% induced a significant re-
duction in cell density and cell growth,”" whereas in bovine
TM cells, the BAK induced cell loss, vacuole formation, and
growth inhibition were not seen until concentrations of
0.001%.°* The discrepancy in results was thought to be due
to species differences or a difference in the state of the
cells. HTM cell cultures treated with concentrations of BAK,
found in common glaucoma medications, showed a dose-
dependent, significant decrease in the percent of live cells.
BAK treatment also caused elevated levels of MMP-9, a
matrix metalloproteinase possibly implicated in the patho-
genesis of glaucoma.® In another study using HTM cells,
travoprost+BAK treatment left statistically fewer live cells
than both travoprost+sofZia and travoprost+PQ. A BAK
dose-dependent reduction in cell viability was seen in both
HTM and nonpigmented ciliary epithelial (NPCE) cells, a cell
type relevant to aqueous inflow. After exposure to a 1:10
dilution of 0.02% BAK (ie, 0.002% BAK), there were signifi-
cantly more living NPCE cells than HTM cells, indicating
that NPCE cells may be less affected by BAK.>® By extension,
BAK might thus have less impact on aqueous humor for-
mation than on outflow through the TM, further promoting
an increased IOP.

Comparing proapoptotic activity on cultured HTM cells
treated with glaucoma medications, with and without pre-
servatives, it was determined that beta-blockers alone did
not exhibit proapoptotic activity. BAK alone significantly
increased 3 apoptotic markers, while BAK containing beta-
blockers and prostaglandin analogues produced mild ex-
pression of 1 out of 3 apoptotic markers. Similar to studies
noted above using conjunctival cells, PGs and timolol may be
somewhat cytoprotective against the proapoptotic effects of
BAK in TM cells.”® In HTM cells exposed to the range of
concentrations of BAK common to glaucoma drugs, BAK
caused immediate necrosis at high concentrations, but apo-
ptosis after treatment with low concentration.”*

In a study investigating oxidative stress in TM cells,
treatment with BAK concentrations found in commercial
glaucoma drugs induced increased fibronectin mRNA ex-
pression, decreased MMP-2 mRNA, increased senescence
biomarker SA-B-Gal activity, and cell death in nonstressed
T™ cells.* ROS production, measured with the total ROS
measurement probe H2DCF-DA, was significantly increased
in HTM3 cells treated with BAK in concentrations ranging
from 0.005% to 0.02%.”” These findings indicate that BAK
may play a role in the production of ROS, which can lead to
stress-induced premature senescence, another characteristic
TM finding in primary open-angle glaucoma (POAG).**® Tt
is interesting to note that BAK effects were consistently more
pronounced in H,O,-stressed TM cells than in cells treated
with BAK alone, suggesting that the stressed TM of glau-
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coma patients might also be more susceptible to the delete-
rious effects of BAK.

Immunohistochemical analyses of TM biopsy samples
collected from patients undergoing trabeculectomy revealed
a higher rate of inflammatory cell infiltrates and fibroblasts
in patients who were treated with preserved glaucoma
medications compared with untreated participants (who
underwent primary surgery). Patients who received 2 or
more drugs for at least 1 year had greater expression of in-
flammatory markers compared with those treated with just a
beta-blocker for 1 year.”” In another study investigating TM
specimens from glaucoma patients, inflammatory cells were
found together with a dramatic decrease in TM cells.®” BAK
has also been associated with subclinical anterior chamber
inflammation/blood-aqueous barrier impairment. Specifi-
cally, in a randomized prospective, single-masked clinical
trial, in which previously untreated ocular hypertension
patients received timolol, preservative free or with BAK, a
significant increase in anterior chamber aqueous flare (mea-
sured with a flare meter) was found in the BAK-treated eyes
after 1 month.®'

Criticisms of BAK toxicity studies point to their use of
doses higher than those found in commercial drops, the
difficulty of translating data from cell monolayers and in vivo
rabbit studies to the clinical setting, and exposure times that
exceed what would occur postdrop installation in a human
eye with a normal tear film that dilutes BAK quickly.*
Glaucoma patients, however, have an abnormally high rate
of OSD, including compromised tear film layers. Although
tear washout can reduce the exposure time/concentration of
BAK on the cornea, the preservative has a long half-life (20h
in the corneal and conjunctival epithelium and 11 h in deeper
conjunctival structures).”> BAK was detected in the con-
junctiva 168h after a single 30mL drop of 0.01% BAK in
rabbits.*? Accumulation of BAK was found in the TM, iris,
and lens samples obtained during cataract and/or glaucoma
surgery in patients who had been treated for glaucoma for at
least 10 years, including at least 5 years with 2 or more BAK-
containing medicationséz(Fig. 1).

BAK Effects on the TM in Animals

Recently, an in vivo BAK localization and quantification
study was done in rabbits.® Topical drops of 0.01% BAK
were administered twice a day for 5 months to 1 group, 0.2%
BAK 1 drop a day for 1 month to another group, and a
control group received no drops. BAK was detected in
multiple deeper ocular structures: the sclera, the TM, near the
optic nerve, and in the choroid.®® Additionally, inflammatory
markers CD45-, RLA-DR-, and vimentin-positive cells were
increased in these tissues in all BAK-treated eyes compared
with controls (some positive cells are normally found in the
conjunctiva and the limbus), and were elevated more in low-
dose/long-term treated eyes than high-dose/short-term
treated eyes, highlighting the duration of exposure as a key
element in BAK toxicity as well as its ability to accumulate in
deeper ocular structures.

Little in vivo data are available showing effects of BAK on
IOP or outflow. In a rat model, after subconjunctival injec-
tions of 0.01% BAK, the IOP rose significantly at day 7 in
BAK-injected eyes compared with vehicle-injected eyes. In-
flammation was seen initially, but subsided after several
days. A second injection was given on day 7 and IOP
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TaBLE 1.

BAK, TGFB2, aNnD POAG INDUCE SIMILAR

CHANGES IN TM Tissue/HTM CELLS

BAK exposure-HTM  TGF[f2 exposure-

cells and animal
models

HTM cells and
animal models

TM of POAG
patients

Loss of cells

Increased:
accumulation of
ECM, apoptosis,
ROS, inflamma-
tory markers,

Loss of cells
Increased:
accumulation of

ECM, apoptosis,

ROS, inflamma-
tory markers,

Loss of cells

Increased:
accumulation of
ECM, apoptosis,
ROS, inflamma-
tory markers,

fibronectin fibronectin fibronectin
Changes in the Changes in the Changes in the
cytoskeleton cytoskeleton cytoskeleton
Cellular Cellular Cellular
senescence- senescence- senescence-
associated associated associated
changes changes changes
Decreased outflow Decreased outflow Decreased outflow
7? Presence of CLANS Presence of CLANS

BAK might play a role in the pathogenesis of POAG.

BAK, benzalkonium chloride; TGFB2, transforming growth factor
beta 2; POAG, primary open-angle glaucoma; TM, trabecular
meshwork; HTM, human trabecular meshwork; ECM, extracellular
matrix; ROS, reactive oxygen species.

remained elevated for 6 more days, at which point, outflow
facility measurements were performed. Outflow was signif-
icantly reduced in BAK-treated eyes compared with control
eyes. Histological analysis by TUNEL labeling showed an
increased density of apoptotic cells in the TM and iris root in
BAK-injected eyes.”

Does BAK Worsen Glaucoma?

BAK can accumulate in deeper ocular structures, includ-
ing the TM, and has the potential to cause changes similar to

RASMUSSEN, KAUFMAN, AND KILAND

those found in the outflow pathways of glaucoma patients
(cell senescence, apoptosis, cell loss, ECM accumulation, in-
creased ROS, decreased MMPs, increased fibronectin, and an
increase in inflammatory biomarkers. (Table 1) Several
groups have hypothesized that long-term exposure to BAK
could contribute to glaucoma worsening. Samples et al. no-
ted that BAK-induced damage to TM cells occurred at very
low concentrations and that chronic exposure to BAK con-
taining drugs could impair the normal function of the TM,
decrease outflow, and mimic the disease.”® Baudouin et al.
hypothesized that BAK could accumulate in the TM, adding
to the trabecular pathology characteristic of POAG by in-
ducing chronic inflammation, inflammatory cytokine release,
immune cell infiltration, and TM cell apoptosis, and that a
possible mechanism for the apparent progressive loss of ef-
ficacy of topical IOP-lowering drugs could be the toxicity of
the preservative exerting a significant pro-oxidative and/or
proinflammatory effect on the TM.”” Brignole-Baudouin et al.
suggested that BAK side effects might be indistinguishable
from the disease outcome, as the treatment would be pro-
tective, but at the same time, although to a lesser extent,
deleterious. They hypothesized that BAK effects could ac-
count for the percentage of glaucomatous patients whose
disease progresses even with good IOP control.”> Ammar
and Kahook pointed out that given the BAK ability to be
absorbed and accumulate over time, the concentration of
BAK in the aqueous humor may be much higher than in the
active ingredient. Since brief treatment of cultured TM cells
with BAK increased apoptotic cell markers and significantly
decreased cell growth at levels 1/100th of that used as a
preservative, the potentially harmful effect of BAK on TM
cells may be an underappreciated concern.”* Hopes and
Broadway concluded that since even low concentrations of
BAK cause HTM cell toxic changes and apoptosis, long-term
use of BAK-preserved topical drops could contribute to im-
paired trabecular function and potentially worsen any
glaucomatous process within the TM.**

Protocol 1: Dose/response curve for the effects

of topical BAK on IOP (n=8)

Dayl Day s

BLSLE and 10P mur pss SLE and IOP

2x10pl drops BAK BID (0.005 and BAK or BSS

0.01%) to one eye; BSS to opposite eye i 10P hourly for 6 hr; SLE at 3 and 6 hr
5

FIG. 2. Proposed experimental Days
protocols for studies on the effects of
BAK on aqueous humor dynamics
in cynomolgus monkeys. IOP, as

measured by Goldmann applana-

OF in monkeys (n=6)

Protocol 2: Acute effect of intracameral BAK on

BLSLE and IOP BL OF for 45 min Intracameral BAK (0.00001%) toone  Measure OF for 90 min, beginning
tion tonometry; AHF, as measured eye; BSS or Birdny's mock aqueous 15 min after treatment
. humor to opposite eye
by  scanning  ocular  fluoro- l l
photometry; outflow facility, as € >

measured by the 2-level constant Hours

pressure perfusion of the anterior

chamber technique. All monkeys
determined to be ocularly normal by
slit-lamp biomicroscopy before each
experiment.

| 10P, AHF and OF (n=8)

1:2 weeks pre- treatment
BL AHF

BL SLE and I10P

| Protocol 3: Effect of long-term topical BAK on ‘

Weeks 1 - 9 (Days 1-60)

BID BAK or BSS Measure AHF Measure OF for 60 min

2x10pl drops BAK BID (0.005%) to  SLE and 10P each week

l one eye; 155 to the opposite eye i l l

3 Weeks

d Salt
10P= Intraocular Pressure
OF=0utflow Facility
SLE=5lit Lamp Examination

AHF=Agqueous Humer F
BAK=Benzalkonium Chloride
BID=Twice Daily
BL=Baseline
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Strategy for Future Studies

Studies in nonhuman primates, whose aqueous humor
formation and drainage system most closely resemble that of
humans, are the logical next step. We have begun in vivo IOP,
aqueous formation, and outflow facility studies, in cyno-
molgus monkeys (Macaca fascicularis) to help elucidate the
effects of BAK on aqueous humor dynamics. All experiments
adhere to the Association for Research in Vision and Oph-
thalmology (ARVO) statement for the Use of Animals in
Ophthalmic and Vision Research. The hypothesis is that
chronic medical therapy with drugs containing BAK makes
glaucomatous outflow tract pathology worse and itself
damages the TM, decreasing outflow facility and possibly
contributing to elevated IOP. The central question to answer
in this series of nonhuman primate experiments is, does BAK
given topically or intracamerally raise IOP in ocular nor-
motensive monkeys and decrease outflow facility or the fa-
cility responses to other compounds known to increase
facility directly (epinephrine, Rho kinase/myosin light-chain
kinase inhibitors, latrunculins) or indirectly (pilocarpine)?
The design for these studies includes experiments to deter-
mine the ocular tolerability and effects of different clinically
relevant concentrations of BAK (0.005, 0.01, 0.05%) on IOP,
aqueous humor formation, and total aqueous outflow facil-
ity® (Fig. 2).

In summary, there is ample evidence that exposure to
BAK is deleterious to cells and some ocular structures. It can
accumulate over time in outflow tract tissues, including
the TM, and has the potential to damage its structure/
function in a variety of ways. These could include damag-
ing mechanosensitivity, flexibility, signaling pathways, cy-
toskeleton, cell-cell and cell-ECM adhesion, and cellular
and overall tissue contraction/relaxation properties and
their regulation. Studies in a species whose anatomy, phys-
iology, and pharmacological responses closely resemble
humans are needed, with clinically relevant concentrations
and dosing regimens of BAK. Understanding whether
and how BAK affects aqueous humor dynamics will help
inform clinical decision making and antiglaucoma drug
development.
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