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PURPOSE. To investigate in vitro whether eye toxicity is attributable to the preservative or the fluoroquinolone used in ophthalmic formulations.
METHODS. Corneal and conjunctival cell lines were incubated
with preserved (benzalkonium chloride [BAC]) or unpreserved
ofloxacin solutions for 15 minutes. Several concentrations of
BAC were also tested (0.0025%– 0.01%). Membrane integrity,
reactive oxygen species, and superoxide anion production
were assessed with the neutral red test, the 2⬘,7⬘-dichlorofluorescein diacetate test, and the dihydroethidium test, respectively. P2X7 cell death receptor activation was evaluated using
the YO-PRO-1 assay and apoptosis (chromatin condensation
and translocation of phosphatidylserine) using the Hoechst
33342 and annexin V-FITC dyes. Tests were performed with
microplate cytofluorometry, inverted fluorescence microscopy, and flow cytometry.
RESULTS. The preserved solution and all tested BAC concentrations induced a significant decrease in membrane integrity,
unlike the unpreserved ofloxacin. Reactive oxygen species and
superoxide anion productions observed for all solutions were
significantly higher for the preserved ofloxacin and BAC solutions, which also induced apoptosis (chromatin condensation
and translocation of phosphatidylserine) through P2X7 pore
opening, whereas unpreserved ofloxacin did not.
CONCLUSIONS. The cytotoxicity observed with fluoroquinolone
eye drops seems to be caused mainly by the preservative,
which induced P2X7 cell death receptor activation associated
with oxidative stress and apoptosis. Therefore, it is recommended that fluoroquinolone be used in preservative-free
formulations. (Invest Ophthalmol Vis Sci. 2006;47:2812–2819)
DOI:10.1167/iovs.06-0224

F

luoroquinolones have become important antibacterial
agents in the treatment of ocular infections. Fluorinated
derivates of nalidixic acid, the first quinolone molecule (developed in 1962), showed a better antibacterial spectrum than did
the quinolones. Oral fluoroquinolones were the first to be
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Faculté des Sciences Pharmaceutiques et Biologiques, Université René
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developed in the early 1980s followed by products for systemic
and topical ophthalmic use in the mid-1980s.1 They are now
widely used as antibacterial agents to treat ocular infections,
with intravitreal, topical, and systemic routes of administration.
Ciprofloxacin, ofloxacin, and norfloxacin have good activity
against Gram-negative and -positive bacteria; thus, they are
mainly used in ophthalmic antibiotic prophylaxis because of
their broad-spectrum activity and good ocular diffusion. Their
formulations are used to treat conjunctivitis, keratitis, and
corneal ulcerations because they possess excellent in vitro
effectiveness against cornea pathogens such as Pseudomonas
aeruginosa or viridans group streptococci.2 Fluoroquinolones are generally well tolerated, but as the treatment may be
administered over a fairly long period, the risk of damaging the
weakened cornea is heightened. In fact, several investigators
have reported delays in the healing rate and corneal perforations after the administration of fluoroquinolone preparations.
In clinical practice, data showed some corneal perforations
after preserved ofloxacin treatment in eye.3 In vivo studies on
rabbits showed keratocyte depletion and inflammatory infiltration on injured corneas after treatment with the commercial
formulation of 0.3% ofloxacin, confirmed by a histopathological analysis (Bekoe NA, et al. IOVS 1999;40:ARVO Abstract
S548). In vitro, delayed corneal wound healing has been observed in corneal cultures after incubation with ofloxacin at
concentrations higher than 0.5 mg/mL,4 and cytotoxicity in
corneal cells (the SIRC line) incubated with ofloxacin at concentrations higher than 1.5 mg/mL.5
Moreover, many eye drops contain preservatives known to
cause severe side effects to the ocular surface: benzalkonium
chloride (BAC) is the preservative currently used the most, and
many in vivo and in vitro studies have shown its toxicity on
conjunctival and corneal cells as well as its immunoallergic
effects, possibly due to its slow turnover and to its high ocular
retention (up to 48 hours after administration of a single
drop).6 In clinics, BAC has been implicated in antiglaucoma
drug intolerance.7 It has been reported that BAC induces conjunctival cell growth arrest and cellular injury at a concentrations as low as 0.0001%.8 Morphological and physiological
studies have shown differences in morphology, electrophysiology, and cornea hydration between cells treated with preserved formulations and cells treated with unpreserved formulations.9 Moreover, another study demonstrated contribution
of quaternary ammoniums to oxidative stress and apoptosis in
conjunctival cells.10
YO-PRO-1 penetration in cells is directly linked with P2X7
pore opening, which is specific to apoptosis. P2Z/P2X7 receptors are usually studied on microglial or astrocytoma cells11–14
and on immune system cells,15–19 to assess their implication in
many cellular pathways, such as oxidative stress,13 MAP kinase
phosphorylation,12,18,20 inflammation,17,19,21–23 and apoptosis.24,25 The P2X7 receptor is activated during apoptosis
through extracellular adenosine triphosphate (ATP), which
induces pore formation with Ca2⫹ influx.26 The carboxyl-terminal domain, specific to the P2X7 receptor, is essential for the
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lytic action of ATP.27 Thus, cornea perforations could be explained by the cytolytic action of BAC via P2X7 receptor
activation, since Groschel-Stewart et al.28 have shown P2X7
receptor localization in the corneal epithelium.
Kovoor et al.29 recently observed, using confocal microscopy, that preserved fluoroquinolone solutions with BAC induced damage to corneal epithelium, whereas unpreserved
solution did not, but the mechanism remained unclear. The
purpose of this study was to compare and understand the
toxicity mechanism of two topical preparations containing
ofloxacin: one preserved with BAC and the other with no
preservative, in two ocular cell lines. The role of BAC itself was
also evaluated. Several cellular markers were assessed by microplate cold-light cytofluorometry, microplate cytofluorometry, inverted fluorescence microscopy, and flow cytometry.
Cell viability, reactive oxygen species (ROS) overproduction,
superoxide anion (O2⫺
䡠 ) overproduction, and apoptosis were
evaluated with neutral red, 2⬘,7⬘-dichlorofluorescein diacetate,
dihydroethidium, YO-PRO-1, Hoechst 33342, and annexin VFITC fluorescent probes, respectively.

MATERIALS

AND

METHODS

Cell Culture
A rabbit corneal cell line (SIRC, CCL 60; ATCC, Manassas, VA) and a
human conjunctival cell line (Wong Kilbourne derivative of Chang
conjunctiva WKD, 93120839; ECACC [European Collection of Cell
Cultures], Porton Down, UK) were cultured under standard conditions
(moist atmosphere of 5% CO2 at 37°C) in Dulbecco’s minimum essential medium (DMEM; Eurobio, Les Ulis, France) supplemented with
10% fetal bovine serum (Dominique Dutscher, Brumath, France), 2 mM
L-glutamine (Eurobio), 50 IU/mL penicillin (Eurobio) and 50 IU/mL
streptomycin (Eurobio). The SIRC cell line was validated by the European Centre for the Validation of Alternative Methods (ECVAM, Ispra,
Italy; invittox protocol number 40 for ophthalmology cytotoxicity
studies on corneal cells). The human conjunctival cell line was chosen
to confirm P2X7 receptor activation on another ocular cell line.
Confluent cultures were removed by trypsin (Eurobio) incubation
and were seeded into 96-well culture microplates (Corning, SchipholRijk, The Netherlands) at a density of 60,000 (corneal cells) or 90,000
(conjunctival cells) cells/mL for analysis. Cultures were kept at 37°C
for 24 hours.

Cell Incubation
When cells reached approximately 80% of confluence, the culture
medium was removed and the cells were exposed to (1) two topical
formulations containing 0.3% ofloxacin—that is, Oflo⫺BAC (Oflocet;
Aventis, Romainville, France), a preservative-free solution without
BAC, and Oflo⫹BAC (Exocine; Allergan, Irvine, CA) with BAC at a
concentration of 0.0025%; (2) three different concentrations of BAC
(Sigma-Aldrich, Saint Quentin Fallavier, France), dissolved in 0.9% NaCl
0.0025%, 0.005% and 0.01%; and (3) 0.9% NaCl, used as a cellular
control.
Two different incubation times were tested: 15 minutes of incubation and 15 minutes of incubation followed by a 24-hour recovery
period (only for the neutral red test). A recovery period served to study
the eventual reversibility of the cytotoxicity.

Experimental Procedures
Experiments were conducted with microplate cold-light fluorometry,
which allows fluorometric detection (280 – 870 nm) with high sensitivity (from picograms to femtograms per milliliter; Fluorolite 1000;
Dynex, Cergy Pontoise, France)30 and flow cytometry (Coulter EPICS
XL-MCL; Beckman Coulter, Fullerton, CA). According to the recommendations of the ECVAM, three cellular parameters were evaluated:
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cell viability, ROS production, and chromatin condensation.31 Another
parameter was also evaluated: P2X7 cell death receptor activation.
Microplate Cold-Light Fluorometry. This technique allows
the use of fluorescent probes directly on living cells and detects the
fluorescent signal directly in the microplate in less than 1 minute (in a
96-well microplate).

Cell Viability and Membrane Integrity: Neutral Red
Test. Membrane integrity, closely correlated with cell viability, was
evaluated with neutral red (NR; Fluka, Buchs, Switzerland) using fluorometric detection (excitation, 535 nm; emission, 600 nm). Neutral
red was used at a concentration of 50 g/mL. In accordance with the
validated protocol of Borenfreund and Puerner,32 200 L per well of
neutral red solution was added to living cells. After a 3-hour incubation
time at 37°C in moist atmosphere with 5% CO2, the neutral red
fluorescence signal was measured.

Reactive Oxygen Species Overproduction: DCFH-DA
Test. ROS were detected with the 2⬘,7⬘-dichlorofluorescein diacetate
probe (DCFH-DA, Invitrogen, PoortGebouw, The Netherlands), added
to living cells before any drug incubation. Once inside the cell, this
probe is cleaved by endogenous esterases and can no longer pass out
of the cell. The de-esterified product becomes the fluorescent compound 2⬘,7⬘-dichlorofluorescein after oxidation by ROS. Cells were
preincubated for 20 minutes with a 20 M DCFH-DA solution, and after
they dye was removed, the cells were exposed to the different formulations. Fluorescence detection was undertaken at 15 minutes. The
fluorescent signal (excitation, 485 nm; emission, 535 nm) is proportional to ROS production.

Superoxide Anion Overproduction: Dihydroethidium
Test. O2⫺䡠 was detected using dihydroethidium probe (HE; Invitro-

gen). It was oxidized to the fluorescent ethidium cation by O2⫺䡠 ,
allowing the cation to bind to nuclear DNA with an extensive fluorescent enhancement. Cells were first incubated in a dye solution at 1.58
g/mL for 20 minutes, as previously described for the DCFH-DA test.
Fluorescence detection (485 nm; emission, 535 nm) was performed at
15 minutes.

P2X7 Cell Death Receptor Activation: YO-PRO-1 Test.
YO-PRO-1, a DNA probe, is usually used to discriminate cells dying by
apoptosis versus necrosis with both flow cytometry33 and fluorescence
microscopy.34 This probe enters apoptotic cells only through the P2X7
receptor.
After incubation with fluoroquinolones, a 2-M YO-PRO-1 probe
(Invitrogen) solution in phosphate-buffered saline (PBS; Dominique
Dutcher) was distributed in the wells (200 L per well), and the
microplate was placed at room temperature in the dark, for 10 minutes. The fluorescence signal was scanned using a cytofluorometer
(Safire; Tecan, Lyon, France) with a small band-pass and precise wave
lengths for YO-PRO-1 probe fluorescence detection (excitation, 491
nm; emission, 509 nm, band-pass, 5 nm).
The specificity of YO-PRO-1 dye toward purinergic P2X7 pore
opening was confirmed with three puric bases: ATP, BzATP (2⬘-3⬘-O(4-benzoylbenzoyl)adenosine 5⬘-triphosphate) and oATP (oxidized
ATP), provided from Sigma-Aldrich. The cells were incubated with
oATP (50 M in PBS) for 2 hours at 37°C, then stimulated with 3 mM
ATP (in PBS) for 15 minutes. They were also incubated with ATP (3
mM in PBS) and BzATP (50 M in PBS) for 15 minutes at 37°C. The
YO-PRO-1 solution was then distributed in each well to allow the
fluorescence signal measurements.

Apoptosis: Chromatin Condensation Assessment—
Hoechst 33342 Test. Hoechst 33342 (Invitrogen) was used to
evaluate chromatin condensation in cells with propidium iodide to
discriminate necrotic cells. The UV fluorescent probe Hoechst 33342
(excitation, 360 nm; emission, 450 nm) enters living cells and apoptotic cells, whereas propidium iodide enters necrotic cells much faster
than Hoechst 33342. The cells were exposed for 30 minutes to a
Hoechst 33342 solution at a concentration of 10 g/mL containing 1
L of propidium iodide (1 mg/mL in water). They were then observed
by inverted fluorescence microscopy (DMIRB; Leica, Heidelberg, Ger-
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FIGURE 1. Membrane integrity evaluation by neutral red (NR) test
after incubation with unpreserved or preserved ofloxacin and different
concentrations of BAC. After 15 minutes of incubation, there was a
significant decrease in membrane integrity with preserved ofloxacin
and BAC treatments, but not with unpreserved ofloxacin. *P ⬍ 0.001
compared with the control.
many) and photographed (numeric coolpix 5000; Nikon, Tokyo, Japan).

Apoptosis: Translocation of Phosphatidylserine Evaluation—Annexin V Test. In apoptotic cells, phosphatidylserine
(PS) is translocated from the inner to the outer leaflet of the cell
membrane, where it can be conjugated with annexin V. The cells were
seeded in six-well plates and kept at 37°C for 24 hours. After incubation with the different solutions, they were gently detached and collected after a 10-minute incubation in 0.5 mM EDTA. Then, they were
washed in PBS and suspended in 1 mL of PBS. An annexin V-FITC kit
(Immunotech, Marseille, France) was used to assess annexin V–positive cells: 10 L of annexin V-FITC and 5 L of 7-aminoactinomycin D
(7-AAD) were incubated for 10 minutes before flow cytometry analysis
(Epics XL flow cytometer; Beckman Coulter). 7-AAD staining was used
to identify cells that had lost membrane integrity and were thus
classified as being necrotic rather than apoptotic.35

Statistical Analysis
Results were obtained in fluorescence units and were expressed as a
percentage of the control. Each drug concentration was tested in six
wells, and each experiment was performed in triplicate. The mean
values for each concentration were analyzed by one-way ANOVA
followed by the Dunnett test36,37 (Sigma Stat 2.0; SSPS, Chicago, IL)
and the level of significance was fixed at 0.05.
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FIGURE 2. Membrane integrity evaluation by neutral red (NR) test
after incubation with unpreserved or preserved ofloxacin and different
concentrations of BAC. After 15 minutes of incubation followed by a
24-hour recovery period, there was a significant decrease in membrane
integrity with preserved ofloxacin and BAC treatments, but not with
unpreserved ofloxacin. *P ⬍ 0.001 compared with control.

3). Significant ROS production was observed with both unpreserved and preserved ofloxacin, but ofloxacin with BAC induced a higher production (⫹470% versus control) than without BAC (⫹310% versus control). BAC at 0.0025%, 0.005%, and
0.01% also provoked a nonlinear concentration-dependent increase in ROS production, 340%, 360%, and 530%, respectively, compared with the control.

O2ⴚ
䡠 Production Assessment:
Dihydroethidium Test
Dihydroethidium (HE)/neutral red ratio was calculated. Significant O2⫺
䡠 production was observed for both preserved and
unpreserved ofloxacin, but O2⫺
䡠 production with unpreserved
ofloxacin was significantly less than with preserved ofloxacin
(Fig. 4), 140% and 280%, respectively, compared with the
control. BAC at 0.0025%, 0.005%, and 0.01% provoked a nonlinear concentration-dependent increase in O2⫺
䡠 production,
270%, 270%, and 350% respectively compared with the control.

Evaluation of P2X7 Cell Death Receptor
Activation: YO-PRO-1 Test
In both ocular cell lines, no variation in YO-PRO-1 fluorescence
signal was observed after ofloxacin without BAC incubation
compared with the control (Fig. 5). Nevertheless, ofloxacin

RESULTS
Cell Viability and Membrane Integrity Evaluation
No difference in cell viability was observed between ofloxacin
without BAC (Oflo-BAC) and the control, after a 15-minute
incubation (Fig. 1). In contrast, membrane integrity significantly decreased after a 15-minute incubation with ofloxacin
containing BAC. The toxicity also appeared at each tested BAC
concentration (0.0025%, 0.005%, and 0.01%) with significant
loss of membrane integrity (⫺42%, ⫺65%, and ⫺58%, respectively; P ⬍ 0.001 compared with the control).
The alteration of membrane integrity was persistent (Fig. 2).
After a 24-hour recovery period, the cytotoxic effect was further increased compared with the results in Fig. 1 for preserved ofloxacin and 0.0025% BAC.

ROS Production Assessment: DCFH-DA Test
DCFH-DA/neutral red ratio was calculated to take into account
the number of living cells responsible for ROS synthesis (Fig.
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FIGURE 3. ROS production evaluation by DCFH-DA test after 15 minutes of incubation with unpreserved or preserved ofloxacin and different concentrations of BAC. There was a significant increase of ROS
production with both unpreserved and preserved ofloxacin, but
ofloxacin with BAC and the BAC solutions induced a much higher
production. *P ⬍ 0.001 compared with the control; †P ⬍ 0.001
compared with each other.

IOVS, July 2006, Vol. 47, No. 7

Role of P2X7 in Cytotoxicity Induced by Preserved Fluoroquinolone

FIGURE 4. Superoxide anion (O2⫺䡠 ) production evaluation with a dihydroethidium (HE) test after 15 minutes of incubation with unpreserved
or preserved ofloxacin and different concentrations of BAC. There was
a significant increase of ROS production with both unpreserved and
preserved ofloxacin, but ofloxacin with BAC and the BAC solutions
induced much higher production. *P ⬍ 0.001 compared with control.

with BAC produced a significant increase in YO-PRO-1 fluorescence signal, and this variation was not significantly different
from that observed with 0.0025% BAC. At the highest BAC
concentrations (0.005% and 0.01%), the YO-PRO-1 fluorescence signal greatly increased.
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FIGURE 6. Evaluation of YO-PRO-1 specificity toward P2X7 pore
opening. ATP and BzATP stimulated P2X7 pore opening whereas oATP
inhibited it. *P ⬍ 0.001 compared with the control; †P ⬍ 0.001
compared with each other.

oATP induced a decrease in the YO-PRO-1 fluorescence
signal, whereas ATP and BzATP both induced an increase in
the fluorescence signal, with a higher increase for BzATP
(Fig. 6).

Apoptosis: Chromatin Condensation
Assessment—Hoechst 33342 Test
Cells incubated with ofloxacin without BAC showed the same
intensity of fluorescence as the control cells (cells with no
chromatin condensation; Fig. 7). Preserved ofloxacin and
0.0025% BAC induced a chromatin condensation specific to
apoptosis, when compared with control cells. Moreover, cells
incubated with different BAC concentrations showed chromatin condensation in a concentration-dependent manner.

Apoptosis: Phosphatidylserine Exposure
Assessment—Annexin V Test
Cells incubated with ofloxacin alone showed the same intensity of fluorescence as did the control cells (Fig. 8). Both
preserved ofloxacin and 0.0025% BAC induced an increase in
annexin V-FITC fluorescence signal, which is specific to apoptosis.

DISCUSSION

FIGURE 5. (A) Evaluation of P2X7 cell death receptor activation with
YO-PRO-1 test after 15 minutes of incubation with unpreserved or
preserved ofloxacin and different concentrations of BAC in a corneal
cell line. There was a significant, concentration-dependent increase of
YO-PRO-1 fluorescence with preserved ofloxacin and BAC solutions.
*P ⬍ 0.001 compared with the control. (B) Evaluation of P2X7 cell
death receptor activation with a YO-PRO-1 test after 15 minutes of
incubation with unpreserved or preserved ofloxacin and different
concentrations of BAC in a conjunctival cell line. *P ⬍ 0.001 compared
with control.
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BAC is used in pharmaceutical preparations for antimicrobial
preservation because of its ability to alter bacterial membranes.
It acts as a detergent, which can cause cellular damage by
emulsification of the host lipids. Numerous clinical side effects
of surfactant preservatives have been described, such as ocular
irritation (photophobia, hyperemia, edema), punctuate keratitis, gray corneal epithelial haze, pseudomembrane formation,
and toxicity to the corneal epithelial cells.38 – 40
Fluoroquinolones promote great therapeutic progress due
to their pharmacokinetic properties— oral administration, long
half-life, and wide tissular diffusion—and their pharmacodynamic properties—wide antibacterial spectrum and bactericidal activity. The therapeutic choice of fluoroquinolones for
treatment of external ocular infections depends on their local
toxicity, because drugs are administered to an already injured
ocular surface linked to keratitis or conjunctivitis.
Local toxicity may be caused by the preservative (BAC) or
by the fluoroquinolone itself, motivating our investigation into
the respective cytotoxic effect of BAC and/or fluoroquinolone
on ocular surface cell lines.
The SIRC cell line is a well-known and established cell
culture model that mimics corneal epithelium in pharmaco-
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FIGURE 7. Evaluation of chromatin
condensation with Hoechst 33342
test after 15 minutes of incubation
with unpreserved (B), preserved
ofloxacin (C) and different concentrations of BAC: (D) 0.0025%, (E)
0.005%, and (F) 0.01%. (A) Control
culture. Preserved ofloxacin and different concentrations of BAC showed
a characteristic concentration-dependent apoptotic chromatin condensation. Magnification, ⫻200.

toxicological studies.41,42 The present results show that preserved ofloxacin induced a decrease in cell viability (necrosis)
after 15 minutes of exposure, whereas unpreserved ofloxacin
did not alter membrane integrity. After 0.0025% BAC exposure
that corresponds to eye-drop BAC concentration, the same
decrease in cell viability was observed, suggesting that BAC,
but not ofloxacin itself, is responsible for cell death. This
cytotoxic effect was persistent over 24 hours for BAC and
preserved ofloxacin.
ROS evaluation showed a significant increase in ROS and
O2⫺
䡠 production. Different concentrations of BAC induced ROS
production, but it remained at a lower level than for preserved
ofloxacin. Unpreserved ofloxacin was responsible for a much
lower production than preserved ofloxacin, and the results
were still significant. Therefore, ROS production observed
with preserved ofloxacin could be a result of a synergetic effect
between ofloxacin itself and 0.0025% BAC.
Fluoroquinolones induce oxidative H2O2 production43 controlled by the ocular detoxification system (glutathione, catalase, peroxidase). This system allows cells to resist H2O2. However, cells are much more sensitive to O2⫺
䡠 , and O2⫺
䡠
production is known to cause apoptosis in the eye.44,45 O2⫺
䡠
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could therefore play a role in the decrease of membrane integrity, these two parameters being correlated in our experiments. Moreover, O2⫺
䡠 overproduction was associated with an
increase in YO-PRO-1 fluorescence signal, and several studies
have reported that P2X7 pores open in the early stages of
apoptosis.46
Due to the ultraviolet autofluorescence of fluoroquinolones,
quantification by microplate cold light fluorometry with
Hoechst 33342 was difficult; therefore a YO-PRO-1 test was
assessed because this fluorogen is a visible fluorescent DNA
stainer. The problem of interference between Hoechst 33342
and fluoroquinolone fluorescence was then avoided. Unpreserved ofloxacin and control cells expressed the same YOPRO-1 fluorescence signal, whereas preserved ofloxacin
showed the same fluorescence signal as 0.0025% BAC (no
significant difference). An increase in YO-PRO-1 fluorescence
signal associated with a decrease in neutral red fluorescence
signal was observed for both preserved ofloxacin and 0.0025%
BAC, leading to the conclusion that there is a BAC-induced
apoptonecrosis. Because it has been shown that BAC incubated
on primary rabbit corneal cell culture induces a decrease in the
ATP/ADP ratio and an increase in [Ca2⫹]i, which are both
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FIGURE 8. Evaluation of PS translocation by annexin V test after 15
minutes of incubation with unpreserved or preserved ofloxacin and
BAC. Preserved ofloxacin and BAC at the same concentration both
induced phosphatidylserine translocation. *P ⬍ 0.001 compared with
control.

consequences of P2X7 pore opening leading to apoptosis,47,48
the implication of P2X7 cell death receptor activation by BAC
appears highly plausible. Moreover, we observed different
thresholds in YO-PRO-1 fluorescence signals in the corneal cell
line; when BAC concentration was doubled from 0.0025% to
0.005%, fluorescence signal was increased more than fourfold,
whereas when BAC concentration was doubled from 0.005% to
0.01%, the fluorescence signal did not significantly vary and
finally when BAC concentration was increased from 0.01% to
0.1%, the fluorescence signal was increased twofold because of
the number of necrotic cells (data not shown). These results
strongly suggest the activation of a receptor: at lowest BAC
concentrations, the P2X7 cell death receptor activation induces apoptosis, whereas at high BAC concentrations, the
P2X7 cell death receptor acts as a cytolytic receptor (P2Z/P2X7
receptor) leading to cytolysis.49 In addition, this could explain
why we did not observe a linear concentration-dependent
effect of BAC. There are different degrees of P2X7 receptor
activation through different thresholds. Thresholds were also
observed with the conjunctival cell line. The two tested cell
lines did not stimulate the same level of P2X7 receptor activation. Corneal cells seem to be more sensitive than conjunctival
cells since preserved ofloxacin induced a 900% increase in
P2X7 receptor activation on corneal cells, whereas it induced
a 170% increase in P2X7 receptor activation on conjunctival
cells.
BAC induced P2X7 receptor stimulation through the formation of large pores, leading to membrane permeability disruption, with intra- and intercellular variations. BAC acts as a
detergent that induces membrane emulsification, and so it was
logical to observe high membrane injury after BAC incubation.
This could justify the large standard deviations we observed
with the neutral red and YO-PRO-1 tests, since they are both
cell membrane permeability assays: neutral red dye evaluated
cell viability through membrane integrity, and YO-PRO-1 dye
evaluated apoptosis through the formation of membrane
pores. In any event, data were significantly different from the
control data (P ⬍ 0.001).
It is well known that the P2X7 receptor, which belongs to
the purinoreceptor family, is specifically activated by ATP and
BzATP, with higher sensitivity for BzATP.49 In contrast, it is
specifically inhibited by oATP.50,51 In our study, we confirmed
these specific activations and inhibition of P2X7 receptor on
two different models.
Finally, chromatin condensation was evaluated using
Hoechst 33342 test with fluorescence microscopy. Hoechst
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33342 uptake combined with propidium iodide to identify
necrotic and late apoptotic cells is a well-known flow cytometry assay for apoptosis.52 Chromatin condensation induces
differences in the spectral properties of Hoechst 33342, and
apoptotic cells appear with an intense and nearly white fluorescent nuclear binding. It is currently used in cold light cytofluorometry but the quantification after fluoroquinolone incubation is difficult, because of the autofluorescence of
fluoroquinolones. Apoptosis was confirmed for preserved
ofloxacin as well as for different concentrations of BAC. In fact,
the increase in Hoechst 33342 and annexin V-FITC fluorescence showed an increase in chromatin condensation and PS
exposure, both resulting from the apoptotic phenomenon. In
addition to the increase in chromatin condensation, preserved
ofloxacin and BAC were responsible for a decrease in cell
viability (neutral red test). A decrease in cell viability together
with an increase in chromatin condensation reflects cellular
death by apoptonecrosis. In previous studies BAC-induced
apoptosis has been observed (at the same BAC concentrations
and incubation times as in our tests) through the expression of
the apoptotic marker Apo 2.7, an alteration of mitochondrial
transmembrane potential and a decrease in glutathione, the
TUNEL (terminal deoxynucleotidyl transferase–mediated dUTP
nick-end labeling) assay and annexin V binding in different
ocular cell models.8,10,53,54 A recent paper suggested that P2X7
receptors can be associated with pseudoapoptosis; meaning
that if the stimulation of the receptor is brief (BzATP stimulation), the induced apoptotic events (plasma membrane PS flip,
mitochondrial alterations, cytoskeletal disruption, and membrane blebbing) are reversible. BzATP was then found to induce pseudoapoptosis after short incubation times.55 These
new findings are interesting and contribute to a better understanding of particular P2X7 receptor-induced pathways but do
not concern our present study, because our team specifically
showed that BAC induced irreversible apoptosis (DNA fragmentation and cell cycle sub-G1 peak tests) after a 10-minute
incubation time followed by a 24-hour recovery period.8 Compared with BzATP, BAC induced irreversible apoptosis within
15 minutes.
In our study, we observed that BAC induced oxidative stress
(reactive oxygen species and superoxide anion overproductions), apoptosis (chromatin condensation and phosphatidylserine translocation) and P2X7 cell death receptor activation.
Our study does not allow us to make a direct link between
these three elements but previous papers showed a correlation
between superoxide anion overproduction and P2X7 receptor
stimulation.13
In conclusion, fluoroquinolone eye-drop cytotoxicity seems
to be mainly caused by the preservative. Our study highlights
the important difference between cellular toxicity of BACpreserved and preservative-free fluoroquinolone medications,
which is in agreement with clinical and in vivo observations
after fluoroquinolone topical ophthalmic formulation treatments. High stimulation of P2X7 cell death receptor activity
(⫹900% to ⫹5500%), which then acts as a P2Z/P2X7 cytolytic
receptor,49 could explain the corneal perforations observed
after repeated treatment with fluoroquinolone in preservative.
Antibiotics such as fluoroquinolones do not need preservatives, as they already possess an antibacterial effect. Therefore,
development of preservative-free solutions should be promoted in the future, especially as some papers have already
reported the cytotoxic effects of BAC contained in artificial tear
solutions and other topical ophthalmic medications.56 –58 Our
results therefore suggest that administration of preservativefree formulations to the eye would be safer, particularly in
long-term antibiotic treatment and repeated treatments (more
than eight times a day).
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