
In Vitro Effects of Preserved and Unpreserved
Anti-Allergic Drugs on Human Corneal Epithelial Cells

Ana Guzman-Aranguez, Patricia Calvo, Inés Ropero, and Jesús Pintor

Abstract

Purpose: Treatment with topical eye drops for long-standing ocular diseases like allergy can induce detrimental
side effects. The purpose of this study was to investigate in vitro cytotoxicity of commercially preserved and
unpreserved anti-allergic eye drops on the viability and barrier function of monolayer and stratified human
corneal-limbal epithelial cells.
Methods: Cells were treated with unpreserved ketotifen solution, benzalkonium chloride (BAC)-containing
anti-allergic drugs (ketotifen, olopatadine, levocabastine) as well as BAC alone. 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used to determine cell viability. Effects of compounds
on barrier function were analyzed measuring transepithelial electrical resistance (TEER) to determine para-
cellular permeability and rose bengal assays to evaluate transcellular barrier formation.
Results: The BAC-preserved anti-allergic formulations and BAC alone significantly reduced cell viability,
monolayer cultures being more sensitive to damage by these solutions. Unpreserved ketotifen induced the least
diminution in cell viability. The extent of decrease of cell viability was clearly dependent of BAC presence, but
it was also affected by the different types of drugs when the concentration of BAC was low and the short time of
exposure. Treatment with BAC-containing anti-allergic drugs and BAC alone resulted in increased paracellular
permeability and loss of transcellular barrier function as indicated by TEER measurement and rose bengal
assays.
Conclusions: The presence of the preservative BAC in anti-allergic eye drop formulations contributes im-
portantly to the cytotoxic effects induced by these compounds. Stratified cell cultures seem to be a more
relevant model for toxicity evaluation induced on the ocular surface epithelia than monolayer cultures.

Introduction

The incidence of allergic conjunctival diseases in
industrial countries is continuously growing. Various

forms of allergic conjunctival diseases have been identified,
including seasonal allergic conjunctivitis, perennial allergic
conjunctivitis, atopic keratoconjunctivitis, and giant papil-
lary conjunctivitis.1 Topical medications using antihista-
mine agents like levocabastine or multiple action agents
with mast cell stabilizing and antihistaminic properties such
as olopatadine and ketotifen are a major form of treatment,2

which can be continued for several months or even a year.
This long-term use of eye drops can induce adverse effects
on the ocular surface. These detrimental effects can be
caused by the anti-allergic active component and, also,
preservatives used to prevent multidose eye drop microbial
contamination can contribute to ocular surface toxic effects

and deleterious reactions when used over long-term periods.
Indeed, it has been shown in in vitro and in vivo studies that
benzalkonium chloride (BAC), the mostly used preserva-
tive, can induce toxic and inflammatory effects on the ocular
surface causing ocular discomfort and dry eyes.3–5

To predict the toxicity of topical ophthalmic formulations,
the conventional method used is the Draize rabbit eye test.6

However, this method has several disadvantages: a significant
number of animals are necessary for testing purposes, rabbits
have less effective tearing mechanisms and a nictitating
membrane, and there is a considerable inter-laboratory vari-
ability in the results.7,8 Consequently, there is a noteworthy
demand for the development and validation of new tests to
replace this method. One useful alternative to animal models
relies on cell cultures. Cell culture models offer the advantage
of a defined system, in which parameters and conditions can
be easily modified. The results are often more reproducible as
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compared with in vitro studies with excised animal tissue.
Moreover, the use of human cell lines precludes the species
related applicability problems that might arise when using
animal tissue for in vitro experiments.9 Thus, several corneal,
epithelial, and conjunctival cell lines have been used for oc-
ular toxicology.10–12 A limitation of these cell models is that
the vast majority of them form a monolayer, a culture state
that does not mimic the cellular architecture of the ocular
surface where corneal and conjunctival epithelia are stratified.
In an attempt to resemble ocular surface epithelium, air-lifting
3-dimensional (3D) cultures of corneal and conjunctival epi-
thelial cells have been established in the last years.13–15

In this study, we investigated the effect on cell viability of
several common anti-allergic drugs, some of them containing
BAC as preservative, as well as the effect of the preservative
alone, analyzing differences in response of monolayer and
stratified cell cultures. For these experiments, a human cor-
neal-limbal epithelial cell line that can stratify in culture
medium rather than at an air interface16 was used. Moreover,
we performed assays focused on functional characteristic of
the corneal epithelium after exposure to anti-allergic drugs,
namely the barrier function. Maintenance of an effective
epithelial barrier on ocular surface requires both transcellular
and paracellular exclusion of macromolecules and pathogens.
The paracellular barrier is provided by the tight junctions that
seal the intercellular space and connect individual epithelial
cell membranes.17,18 In addition to this paracellular barrier,
recently, a mechanism for transcellular barrier formation at
the ocular surface has been proposed and involves interaction
of cell surface-associated mucins and their O-glycans with
the carbohydrate-binding protein galectin-3.19,20 The effect of
anti-allergic drugs on the integrity of both barriers was
evaluated by transepithelial electrical resistance (TEER)
measurement and rose bengal assays.

Methods

Cell culture and treatments

Telomerase-immortalized human corneal-limbal epithe-
lial (HCLE) cells were previously established16 and kindly
provided by Dr. Ilene Gipson. Cells were routinely grown in
a keratinocyte serum-free medium (Invitrogen, Carlsbad,
CA) supplemented with 25 mg/mL bovine pituitary extract,
0.2 ng/mL epidermal growth factor, 0.4 mM CaCl2, and
antibiotics, and maintained at 37�C in 5% CO2. To promote
stratification and differentiation, after reaching the conflu-
ence, the culture medium was replaced and cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium supplemented with 10% calf serum and 10 ng/mL
epidermal growth factor for 7 days as previously reported.16

Four anti-allergic products, used routinely in allergic
conjunctivitis treatment were tested: 0.025% preservative-
free ketotifen fumarate (Zaditen, Thea), 0.025% ketotifen
fumarate (Bentifen, Thea, 0.01% BAC), 0.1% olopatadine
(Opatanol, Alcon, 0.01% BAC), 0.05% levocabastine (Bilina,
Esteve, 0.015% BAC). Each formulation was diluted: 1:2
(50%), 1:4 (25%), and 1:10 (10%) in DMEM/F12 medium
and the times of exposure were 20 min, 1, 3, and 24 h. Fur-
thermore, different concentrations of BAC (0.005%,
0.0025%, and 0.001%) were analyzed, which correspond to
the concentration of BAC contained within the formulations
(olopatadine and ketotifen fumarate solutions) after the dif-
ferent dilutions (50%, 25%, and 10%).

MTT assay

Monolayer or stratified cultures were exposed to solutions at
different times. After exposure, 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) test was used to
assess cellular viability as described previously.21,22 Briefly,
fresh MTT solution (0.5 mg/mL) was added and cells were
incubated for 2 h at 37�C. The cells were then lysed and purple
formazan dissolved using dimethyl sulfoxide. Absorbance was
measured on the Gen5 plate reader (BioTek, Winooski, VT) at
570 and corrected for background by subtracting the absor-
bance at 690 nm from that at 570 nm. The mean absorbance
values corresponding to the nontreated cells were taken as
100% and results were expressed as a percentage of cell via-
bility compared with the control (nontreated) cells. Experi-
ments were conducted in triplicate.

Transepithelial electrical resistance

TEER was determined on stratified cells grown in Trans-
well� cell culture inserts with an Evom2 Epithelial Voltohm-
meter (World Precision Instruments, Sarasota, FL). Before
each measurement, the Evom2 was zeroed according to the
manufacturer’s instructions. One Transwell insert was left
empty as a control to determine the intrinsic resistance of the
filter, which was subtracted from all readings. Experiments
were performed in triplicate and the TEER (ohm-square cen-
timeters) was calculated by multiplying the measured elec-
trical resistance by the area of the filter (1.12 cm2). Results
were expressed as mean – standard deviation.

Rose bengal assays

After incubation with the anti-allergic products, stratified
epithelial cell cultures grown on culture chamber slides (Lab-
Tek, Naperville, IL) were rinsed with phosphate-buffered
saline (PBS), and incubated for 5 min with 0.1% rose bengal
(Sigma-Aldrich, St. Louis, MO) in PBS, Ca2 + /Mg2 + -free, pH
7.4. Rose bengal was then aspirated and the cell layer was
examined to assess the extent of dye penetration using a Zeiss
Axiovert 200M confocal microscope equipped with an LSM
5 Pascal confocal module (Carl Zeiss Meditec GmbH, Jena,
Germany). Pictures were taken at 10 · with an AxioCam
camera (Carl Zeiss Meditec GmbH). Images were processed
further for dye penetration quantification using the ImageJ
software (NIH, Bethesda, MD). Uptake is represented as the
integrated density of stained areas, and is normalized to
control conditions.

Statistical analysis

Statistical comparisons of treated and nontreated control
cells were performed using the 1-way ANOVA analysis
followed by the Dunnet test. All the statistical analyses were
performed using the InStat3 software (GraphPad Software,
La Jolla, CA). Differences were considered significant when
P values < 0.05.

Results

Cell viability assays

The viability of monolayer cultures after exposure to the
anti-allergic formulations at different dilutions is shown in
Figure 1. Cell viability significantly decreased to 61.00%,
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50.47%, 54.34%, and 56.13% of the control value (P < 0.01)
for the 0.001% BAC solution and BAC-containing prepa-
rations of ketotifen, olopatadine, and levocabastine (all 1:10
diluted), respectively, at 20 min (Fig. 1A). In contrast,
treatment with the preservative-free ketotifen did not show
this cytotoxic effect and no significant changes in cell via-
bility were detected. Cell viability decreased in a time-
dependent manner and values were continuously reduced at

a longer time exposure of 1 and 3 h with cell viability
markedly decreasing to < 5% at 24 h for 0.001% BAC so-
lution and BAC-containing preparations (P < 0.001). Only
preservative-free ketotifen treatment maintained cell via-
bility values around 90% even at longer exposure times.

Cytotoxic effects were also concentration-dependent,
thus, when BAC-preserved anti-allergic formulations were
used at 25% (1:4 diluted) or in the presence of BAC alone

FIG. 1. Effects of anti-al-
lergic formulations on cell
viability. Monolayer human
corneal-limbal epithelial
(HCLE) cells were exposed to
solutions diluted at different
concentrations: (A) 10% of
anti-allergic formulations (di-
luted 1:10) and 0.001% ben-
zalkonium chloride (BAC),
(B) 25% of anti-allergic for-
mulations (diluted 1:4) and
0.0025% BAC, (C) 50% of
anti-allergic formulations (di-
luted 1:2) and 0.005% BAC.
The times of exposure were:
20 min (gray bars), 60 min
(white bars), 3 h (black bars),
and 24 h (dark gray bars). Cell
viability was determined with
3-(4,5-dimethyl-2-thiazolyl)-2,
5-diphenyl-2H-tetrazoliumbro-
mide (MTT) assay and data
were normalized to the control
value (100%) and expressed
as the mean – standard devia-
tion (n = 3). **P < 0.01 versus
control, ***P < 0.001 versus
control.
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(0.0025%), cell viability was reduced to values lower than
40% and the decrease was particularly dramatic with agents
used at 50% (1:2 diluted) that diminished cell viability to
< 5% (Fig. 1B, C). At this highest concentration, preservative-
free ketotifen displayed a significantly more deleterious effect
and cell viability, decreasing about 60% of the control value at
20 min, 1, and 3 h and 43% at 24 h (P < 0.01) (Fig. 1C).

Stratified cell cultures were clearly less sensitive to the
effect on cell viability of anti-allergic formulations than
monolayer cells (Fig. 2). Thus, after 24 h of cell treatment
with 0.001% BAC solution and anti-allergic preserved eye
drops (all 1:10 diluted), cell viability levels were around
40% (42.26% for BAC, 39.35% for ketotifen, 36.74% for
olopatadine, and 43.01% for levocabastine) (Fig. 2A),

FIG. 2. Effects of anti-
allergic formulations on cell
viability. Stratified HCLE cells
were exposed to solutions
diluted at different concen-
trations: (A) 10% of anti-
allergic formulations (diluted
1:10) and 0.001% BAC, (B)
25% of anti-allergic formu-
lations (diluted 1:4) and
0.0025% BAC, (C) 50% of
anti-allergic formulations (di-
luted 1:2) and 0.005% BAC.
The times of exposure were:
20 min (gray bars), 60 min
(white bars), 3 h (black bars),
and 24 h (dark gray bars).
Cell viability was determined
with MTT assay and data were
normalized to the control va-
lue (100%) and expressed as
the mean – standard deviation
(n = 3). *P < 0.05 versus con-
trol, **P < 0.01 versus control,
***P < 0.001 versus control.
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whereas values lower than 5% were detected for monolayer
cultures (Fig. 1A).

As expected, the damage tended to be greater when longer
time exposures or highest concentrations of preservative-
containing anti-allergic solutions were used (Fig. 2B, C). In
this sense, assays of cell viability after 20 min of exposure
to 0.0025% BAC solution and 25% diluted preservative-
containing drugs (1:4 diluted) yielded 60.96% for 0.0025%
BAC, 55.39% for ketotifen, 57.71% for olopatadine, and
67.16% for levocabastine, and after exposure to 0.005%
BAC solution and 50% diluted preservative-containing
drugs (1:2 diluted) cell viability levels were reduced to
34.83% for BAC, 37.11% for ketotifen, 34.18% for olopa-
tadine, and 52.49% for levocabastine (P < 0.001 vs. control).
Curiously, 25% diluted levocabastine showed relatively less
cytotoxicity at 20 min and 1 h of treatment as compared with
the other preservative-containing preparations and BAC
solution, whereas at longer time exposure (3 and 24 h), its
behavior was similar to that found with the other drugs.

Preservative-free ketotifen diluted at 10% and 25% did
not induce significant changes in cell viability, only at 50%
was possible to detect a slight, although significant, reduc-
tion of cell viability (81.69% of the control value at 1 h and
around 80% at 3 and 24 h) (P < 0.05 vs. control).

Analysis of TEER

Previous toxicological studies have indicated that the
multilayer models exhibit a barrier function similar to the
intact cornea that monolayer models cannot replicate,23

consequently barrier function studies were performed using
stratified cell cultures.

The effect of exposure to the anti-allergic products di-
luted 1:4 (25%) and 1:10 (10%) on paracellular barrier
function provided by tight junctions of stratified layers of
HCLE cells was assessed by TEER measurement (Fig. 3). A
significant decrease in corneal TEER values was detected
after 20 min of exposure to ketotifen, olopatadine, and
0.001% BAC (P < 0.01) (Fig. 3A) with TEER values be-
coming significantly lower at longer time exposures. For
instance, after 3 h of exposure, around 50% of reduction on
corneal TEER was measured for all BAC-containing anti-
allergic products and 0.001% BAC (P < 0.001). Treatment
with these compounds for 24 h reduced TEER values by
70% as compared with control levels (P < 0.001). Levoca-
bastine showed a different behavior at a short time exposure.
Thus, levocabastine did not cause changes in corneal TEER
after incubation for 20 min and, at 1 h, levocabastine caused
a more moderated, although significant, reduction of corneal
TEER (18% of reduction) (P < 0.01). When the time expo-
sure was increased (3 and 24 h), this compound induced a
decrease in corneal TEER comparable to that triggered by
the other BAC-containing formulations.

In contrast with the results for BAC-containing drugs,
corneal TEER was not altered after applying the preserva-
tive-free ketotifen within 3 h of the exposure, although it
reduced corneal TEER by 30% at 24 h.

Similar results were found when a higher concentration of
drugs (25%; diluted 1:4) was used (Fig. 3B). Again, levo-
cabastine induced a slightly more decrease in corneal TEER
values at short time incubations as compared with the other
preservative-containing formulations. Preservative-free ke-
totifen significantly modified corneal TEER at 3 h (12% of

reduction) and 24 h (35% of reduction); nevertheless this
compound clearly exhibited the lowest modification of cor-
neal TEER as compared with the other anti-allergic products
containing BAC.

Rose bengal assays

Rose bengal diagnostic dye was used to determine the
effect of anti-allergic compounds on transcellular epithelial
barrier function.19 In this assay, the appearance of islands
that exclude rose bengal and protect from dye penetration
into epithelial cells is indicative of the presence of a fully
functional mucosal barrier, whereas penetration and positive
staining of the epithelia by rose bengal indicates a com-
promised mucosal barrier. Representative images of rose
bengal staining of stratified human corneal epithelial cells
after the incubation with anti-allergic drugs, in this case
diluted at 10% (1:10) as well as 0.001% BAC for 1 or 3 h are
shown in Figure 4A and B, respectively. After 1 h of incu-
bation, the presence of cell regions that excluded rose
bengal (islands) was detected in control cells and cells

FIG. 3. Changes in corneal transepithelial electrical re-
sistance (TEER) induced by anti-allergic formulations.
Stratified HCLE cells were exposed to commercial eye
drops diluted at different concentrations: (A) 10% of anti-
allergic formulations (diluted 1:10) and 0.001% BAC, (B)
25% of anti-allergic formulations (diluted 1:4) and 0.0025%
BAC. TEER values were determined at 20, 60 min, 3, and
24 h. Each value represents the mean – standard deviation
of 3 experiments, **P < 0.01 versus control, ***P < 0.001
versus control.
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FIG. 4. Rose bengal penetration in control stratified human corneal epithelial cells and cells treated with the anti-allergic
formulations. HCLE cells were exposed to anti-allergic solutions and rose bengal penetration was examined by confocal
microscopy. Images were obtained using a 10 · objective lens and processed for rose bengal penetration quantification using
the ImageJ software. Representative images for 10% anti-allergic drugs are shown in the upper panel: (A) after 1 h of
exposure and (B) at 3 h of exposure. Arrows indicate cell regions that exclude rose bengal. Bars represent rose bengal uptake
(integrated density of stained areas normalized to control conditions) at 1 h (white bars) and 3 h (gray bars) when HCLE
cells were exposed to solutions diluted 1:10 (10% of anti-allergic formulations) and 0.001% BAC (C) or diluted 1:4 (25% of
anti-allergic formulations) and 0.0025% BAC (D). Experiments were performed in triplicate and represent the
mean – standard deviation, **P < 0.01 versus control, ***P < 0.001 versus control.
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treated with unpreserved ketotifen. In cells treated with 10%
preservative-containing drugs and 0.001% BAC, it was also
possible to observe small cell regions that were not stained
by rose bengal, although these islands were much smaller
and less frequent in the culture (Fig. 4A). Indeed, a statis-
tically significant increase in dye uptake compared with
control cells was measured (Fig. 4C). When the exposure
time was extended to 3 h, unstained islands were only ob-
served in control cells and ketotifen free treated cells (Fig.
4B) and rose bengal uptake significantly increased around 3-
fold in cultures incubated with the preservative-containing
anti-allergic compounds and BAC as compared with the
control and it was higher than the dye uptake detected after
1 h of incubation (Fig. 4C).

Similarly, when cells were exposed to a higher concen-
tration of the drug (anti-allergic drugs diluted at 25%, dil 1:4),
a statistically significant increase in dye uptake (2-fold in-
crease at 1 h and around 4-fold increase after 3 h of exposure)
was detected for anti-allergic compound containing BAC as
well as for the preservative alone at 0.0025% (Fig. 4D).

Discussion

Corneal epithelial cell viability decreased in a concentra-
tion- and time-dependent manner with the exposure of topical
ocular anti-allergic agents. Our results reveal an increased
sensitivity of monolayer cultures to anti-allergic drugs, par-
ticularly those containing BAC. Cell viability was markedly
reduced to less than 5% at 24 h for BAC-containing drugs
used at 10% (1:2 diluted). Under similar experimental con-
ditions, previous studies suggested that olopatadine induced a
lower toxicity than ketotifen on monolayer rabbit corneal
epithelial cells Statens Seruminstitut Rabbit Cornea.24 On the
contrary, our results of cell viability showed a very similar
behavior between both compounds. Variations in the method
used to determine changes in cell viability (MTT assay vs.
lactate dehydrogenase release) as well as the distinct cell
model tested may explain the different results found.

Even at the lowest drug concentrations, the decrease in cell
viability detected in monolayer cultures was evidently higher
than that detected in stratified cell cultures. This lower tox-
icity of ocular medication and preservatives on stratified cells
is consistent with previous studies. Using the same cell line,
Lim et al. reported that monolayer cultures were much less
resistant to the adverse effects caused by multipurpose con-
tact lens solutions as compared with stratified human corneal-
limbal epithelial cells.25 Similar results were found in a study
evaluating the preservative-induced toxicity on monolayer
and stratified air-lifted cultures, Chang conjunctival cells.15

These findings suggest that multilayer cultures are more re-
alistic models that should be preferentially chosen for in vitro
ocular surface toxicology.

In contrast to any preserved anti-allergic drug (ketotifen,
olopatadine, levocabastine), unpreserved ketotifen hardly
induced cell toxicity, particularly when stratified cultures
were examined. This result indicates the basic contribution
of the benzalkonium chloride in the cytotoxic effects in-
duced by anti-allergic drugs. In fact, treatment with the
preservative alone caused a cell viability reduction similar
to that disclosed by BAC-containing anti-allergic prepara-
tions especially at higher concentrations and longer expo-
sures. These results are consistent with previous studies
where cell viability was more affected in anti-allergic drugs

containing BAC than those without the preservative.24,26–28

Similarly, BAC-containing drugs for the treatment of other
chronic ocular pathologies like glaucoma induced a higher
cytotoxicity than those preservative free.14,29–31 Indeed, the
cytotoxic effects induced by BAC on several monolayer
conjunctival or corneal epithelial cell models as well as on
3D model of human corneal epithelium have been previ-
ously established.32–34

Nevertheless, on the basis of our results, the cytotoxic
effects induced by the anti-allergic drugs were not exclu-
sively due to the preservative. When monolayer or stratified
cultures were exposed for 20 min to ketotifen and olopata-
dine at the rate of dilution of 10% or 25%, both showed
greater toxicity than the respective BAC concentrations
(0.001% and 0.0025%) alone. Moreover, differences can be
observed between anti-allergic drugs when low concentra-
tions of BAC are present in the formulations and shorter
times of exposures. Thus, levocabastine at lower concen-
tration (10% and 25%) and shorter exposures (20 and
60 min) induced a less pronounced decrease in the viability
of stratified human corneal epithelial cells as compared with
BAC-containing ketotifen or olopatadine. Levocabastine is a
selective histamine-1 receptor antagonist, whereas ketotifen
and olopatadine have not only antihistaminic properties but
also they stabilize mast cells. This different mechanism of
action could be related to the different behavior on cell
viability exhibited by levocabastine at lower concentrations.
Moreover, as commercial eye drops were used in this study,
we cannot rule out a possible protective effect of other ad-
ditives present in the commercial formulation. Although this
experimental approach limits the identification of the indi-
vidual effects of each one of these components, the use of
products currently prescribed for allergic conjunctivitis
treatment, reinforces the clinical significance of the study.

Ocular and corneal health is maintained by the selective
permeability and barrier function provided by the corneal
epithelium. Transepithelial electric resistance was used to
evaluate the expression of functional tight junctions sealing
the paracellular pathway after treatment with anti-allergic
drugs. During the initial times of exposures (20 and 60 min),
TEER decreased significantly after treatment with the BAC-
containing olopatadine, ketotifen, and the BAC alone. Si-
milar to the results of cell viability of stratified cultures,
TEER decrease triggered by levocabastine at shorter expo-
sures was lower than that caused by the other anti-allergic
preserved eye drops or by the preservative alone. Previous
reports have suggested that the decrease in TEER is clearly
dependent on the presence of BAC, however, this parameter
may also be affected by the type of drug when the preser-
vative concentration is low.35 In these experiments, the drug
Alegysal� with a percentage of BAC equal to the other anti-
allergic drugs scarcely decreased the corneal TEER.

When the time of exposure increased, all preserved anti-
allergic drugs, including levocabastine, markedly reduced
corneal TEER. Consistent with these results, it has been
described as the disturbance of occludin, a tight-junction
protein distribution in a human 3D-reconstituted corneal
epithelial model after treatment with BAC-containing anti-
allergic dugs and 0.01% BAC for 24 h.28 In vitro and in vivo
studies have demonstrated that BAC can alter the expression
and distribution of tight junction proteins in the corneal
epithelium.4,34 Confirming this notion, exposure to BAC
induces a continuous decline in TEER of rabbit corneas.36,37
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In addition to analyzing the effect of anti-allergic drugs
on the paracellular barrier formed by tight junctions, to our
knowledge, this is the first study to compare the action of
these drugs on the recently described apical epithelial bar-
rier provided by cell surface-associated mucins.

A marked increase in rose bengal penetration, indicative of
mucin barrier disruption, was detected after treatment with all
BAC-containing compounds, whereas islands that exclude the
dye remained in cells exposed to ketotifen free. These results
suggest that the presence of BAC can compromise mucosal
barrier. Supporting this notion, exposure of immortalized
human corneal-limbal epithelial cells to 0.0025% BAC (the
same concentration used to in our assays when the drug is
diluted 1:4) resulted in a significant decrease of MUC1 and
MUC16 protein levels.38 Likewise, patients treated with
Ocuflox� eye drops containing 0.0025% BAC for 1 week
showed a lower protein level of mucins compared with control
subjects.38

Considering our experimental data, it is evident that BAC-
containing anti-allergic drugs, apart from reducing cell via-
bility, can also alter both paracellular and transcellular barrier
function of the corneal epithelium, which could increase
susceptibility to possible processes of ocular surface damage.
Definitely, unpreserved ketotifen was the least toxic formu-
lation that strongly supports the use of this benzalkonium-free
solution in the treatment of patients suffering from allergic
conjunctivitis. Thus, preservative-free anti-allergic medica-
tions should be the first choice to lower adverse effects on the
ocular surface, improving the tolerability and quality of life of
patients with ocular allergic diseases.

In addition, we have shown that monolayer cultures could
overpredict the toxicity of ocular medications and preser-
vatives and stratified cultures are more physiologically rel-
evant as an in vitro test system. In this sense, the use of the
HCLE cell line able to stratify in culture medium rather than
at air interface could be particularly valuable as it resembles
the corneal epithelium in vivo that is not at an air interface,
but it is covered by the tear film. Thus, the use of HCLE cell
model could represent an advantageous alternative with
respect to the existing air-lifted models to study the bioac-
tivity of eye drops in the cornea.
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