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Prevention of corneal keratocyte apoptosis after
argon fluoride excimer laser irradiation with the
free radical scavenger ubiquinone Q10

INTRODUCTION

Excimer laser photorefractive keratectomy (PRK) is
a safe, effective, and predictable surgical treatment
for myopia (1, 2), astigmatism (3) and hyperopia (4).

Only a few complications have been reported so far,
mainly related to high curvature corrections. The main
undesired effect is the formation of a subepithelial
scar which can cause significant light scattering; it
can be clinically recognized as a stromal haze (5). This
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PRK follow-up effect is the consequence of the wound
healing response that involves keratocytes and ep-
ithelial cells, and leads eventually to the formation of
new material – collagen, proteoglycans, hyaluronic
acid, etc. – which may cause visual impairment and
regression of the curvature correction.

The dynamics of the healing response involves var-
ious factors, intraoperative and postoperative, which
can make it more aggressive. For example, the risk
increases with higher correction, i.e. when a larger
amount of tissue is removed by laser ablation (1), with
the roughness and irregularity of the exposed surface
(6), and in cases of extensive postoperative ultravio-
let exposure.

In the last few years, several pathogenic mecha-
nisms have been postulated to explain haze forma-
tion (6, 7). Wilson et al (8-10) indicated keratocyte
apoptosis as one of the principal events leading to
wound healing and tissue reaction after PRK, thus re-
sulting in haze formation and regression of the re-
fractive correction. In this case, the generation of free
radicals, particularly reactive oxygen species (ROS)
(11) has been indicated as the cause of apoptosis (12).
Experimental investigations have already shown that
the occurrence of haze in rabbits after PRK (13) can
be reduced by employing dimethylsulfoxide and su-
peroxide dismutase, the first being a specific scav-
enger for (·OH) and the second for (·O2–) ROS.

To control excessive wound healing pharmacologically
after corneal laser surgery, several drugs have been
proposed and tested in laboratory investigations and
clinical trials on humans; these include corticosteroids
(14,15) and antimetabolites (16). Both these drug
categories have been employed to modulate cellu-
lar activity and proliferation during wound healing,
on the assumption that keratocytes and epithelial
cells were already triggered for wound healing (10).
The results of these studies have been controver-
sial, so there is stil l no clear evidence that these
drugs really control the postoperative tissue reac-
tion. 

The present study set out to investigate the possi-
ble protective role of the coenzyme ubiquinone Q10
against keratocyte apoptosis after ArF excimer laser
irradiation. We are currently testing ubiquinone Q10
as a potential inhibitor of haze as it is a well-known
free-radical scavenger which also plays a key role in
the mitochondrial respiratory chain (17-20).

MATERIALS AND METHODS

Cell culture. A rabbit corneal keratocyte line (RCE
cells) was cultured in glass coverslips and used for
the in vitro experiments. The cells were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM)/ HAM’S
nutrient mixture F12 1/1, supplemented with 15%
fetal calf serum, 2 mM glutamine, 5 µg/ml insulin,
10 ng/ml EGF and 50 IU/ml penicill in, in a humidi-
fied atmosphere of 5% CO2 at 37°C. Living cells
were counted by the Trypan blue exclusion method.

Cell treatments. Semiconfluent RCE cell cultures
were pretreated for 2 hours with 10 µM ubiquinone
Q10 dissolved in 0.04% Lutrol F107, used as vehi-
cle. Cells pretreated with vehicle alone were em-
ployed as control.

After removal of culture medium and washing with
sterile PBS, the cell cultures were irradiated with an
ArF excimer laser (193 nm). So as to cover the whole
culture area we expanded the laser beam up to 10 cm
spot diameter. Total fluence doses of 12 mJ/cm2, 24
mJ/cm2, and 45 mJ/cm2 were obtained by applying a
given number of pulses of about 0.22 mJ/pulse. Cul-
ture medium was then added again and the cells were
cultured for a further period in order to assess the ef-
fects of treatment as the overall time course or at dif-
ferent end-points.

Counting living cells and apoptotic death events.
Living cells were counted by the Trypan blue exclu-
sion method. Cumulative apoptotic events were
scored by time-lapse videomicroscopy using a Zeiss
inverted phase-contrast microscope equipped with a
103 objective, Panasonic CCD cameras and JVC BR9030
time-lapse video recorders. After cell detachment from
the substrate, apoptotic deaths were counted when
the cells had shrunk completely and blebbing had
started.

Quantification of cellular malonaldehyde. Malon-
aldehyde levels, as an indication of free-radical for-
mation, were quantified in cellular acid extracts by
a spectrophotometric thiobarbituric acid-based
method, previously described (21).

Quantification of ATP. After the laser treatments,
RCE cells were collected by centrifugation in 15-ml
tubes. Pellets of about 2x105 cells were resuspend-
ed in distilled water, then the tubes were immediate-
ly placed in a boiling water bath for 5 minutes. The
samples were then cooled at room temperature and
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stored at -20°C for later measurements. ATP in the
extracts was quantified by a bioluminescence assay
with an ATP determination kit (Molecular Probes, Ore-
gon, USA), using a liquid scintillation analyzers set
(Camberra Packard, UK) for bioluminescence analy-
sis, according to the manufacturer’s instructions.

RESULTS

The quantification of apoptotic events by time-lapse
videomicroscopy showed that laser irradiation at 193
nm was a strong trigger of programmed cell death
(Fig. 1). The effect was already clear at a cumula-
tive fluence dose of 12 mJ/cm2. The cellular mal-
onaldehyde levels 2 hours after irradiation indicat-
ed the photochemical nature of the response, or at
least suggested a close correlation between free rad-
ical generation by laser irradiation and cell damage.
For instance, in samples irradiated with a cumulative
fluence dose of 24 mJ/cm2, cells produced 12 pg/cell,
compared with 0.5 pg/cell of the non-irradiated ones.
The malonaldehyde response increased with total 

Fig. 1 - Time-course of cumulative apoptotic death events scored
at time-lapse videomicroscopy, in RCE cells irradiated with a
fluence of 12 mJ/cm2.

Fig. 2 - Effect of a 2 hour pretreatment with ubiquinone Q10
(10 µM) on the number of living RCE cells evaluated 12 hours
after 24 mJ/cm2 excimer laser irradiation. Data are means ± SEM
of 3 determinations (p>0.005).
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fluence dose, whereas the cellular ATP level was re-
duced as was the number of living cells at the sin-
gle observation times.

The results using 24 mJ/cm2 as cumulative fluence
of laser irradiation were as follows. There were changes
in the previous after ubiquinone Q10 pretreatment,
clearly evidencing its protective action. Thus, the
quantification of living cells 12 hours after laser ir-
radiation indicated that ubiquinone Q10 (10 µM) sig-
nificantly increased their number - by about 35%
compared to the controls treated with vehicle alone
(Fig. 2). As shown in Figure 3, cellular malonalde-
hyde levels 2 hours after irradiation in the samples
pretreated with ubiquinone Q10 were likewise re-
duced by a factor of 2.5 compared with the control.

The protective role was also evident in terms of
ATP energy levels, since ubiquinone Q10 largely at-
tenuated the loss of energy induced by UV laser ir-
radiation (Fig. 4).

Plates observed by time-lapse videomicroscopy
showed significant differences in ubiquinone Q10
treated and untreated samples. Untreated cells were
mostly adherent to the substrate (Fig. 5a); irradiat-
ed cells were less numerous, detached from the sub-
strate, and shrunken (Fig. 5b).

Ubiquinone Q10 prevented this structural damage
induced by the ArF excimer laser (Fig. 5c).
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DISCUSSION

The high photon energy of UV radiation at 193 nm
(6.4 eV) can cause the direct breakage of organic mol-
ecules by dissociating bonds like C-N and C-C. The
generation of hydroxyl radical (·OH) by cleavage of
the water molecule has also been demonstrated and

Fig. 3 - Spectrophotometric quantification of cellular malon-
aldehyde in basal conditions or after 2 hours pretreatment with
vehicle alone (Lutrol) or 10 µM ubiquinone Q10, followed by 24
mJ/cm2 irradiation. Data are means ± SEM of 3 determinations
(p>0.001).

Fig. 4 - Bioluminescence-based quantification of ATP cellular
levels determined in the same conditions as Figure 3. Data are
means ± SD of 2 determinations.

Fig. 5 - Typical microscopic appearance of plates of RCE cells
in basal conditions (a) or irradiated with 24 mJ/cm2 cumulative
fluence doses of ArF excimer laser radiation after a 2 hour pre-
treatment with vehicle alone (Lutrol) (b) or 10 µM ubiquinone
Q10 (c). Plates were observed 24 hours after irradiation.
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quantified through electron spin resonance spectroscopy
(12). Thus ArF excimer laser irradiation can generate
many species of free radicals well below the ablation
threshold (46 mJ/cm2) (22, 23), the photodissociation
being a single photon effect. 

On the other hand, this feature is what mainly un-
derlines the very high optical absorption of the bio-
tissue in the UV spectral region and the ultrashort ab-
lation rate usefully exploited in PRK surgery.

Among the large variety of free radicals that can be
generated ROS are the most cytotoxic, besides be-
ing able to break down proteoglycans and collagen
by direct cleavage of the covalent bonds. We inves-
tigated evaluated free radical generation on the ba-
sis of their ability to stimulate malonaldehyde pro-
duction, then their cytotoxicity after ArF excimer laser
irradiation of RCE cells, and the possibility of reduc-
ing it with ubiquinone Q10.

Time-lapse videomicroscopy clearly indicated that
programmed cell death, the last stage of cellular in-
jury, is the main death pathway induced by this irra-
diation in cultured keratocytes, as shown by a dy-
namic score.

Compared to cells pretreated with vehicle (Lutrol)
alone, ubiquinone Q10 significantly boosted the num-
ber of living cells by lowering the number of apop-
totic events.

Previously cited literature suggested testing this coen-
zyme in the present application, and a quick summary
is in order to outline the specific mechanism of its
protective function. Ubiquinone Q10 plays a key role
in the mitochondrial respiratory chain as a compo-
nent of the inner mitochondrial membrane complex-
es III and I and, consequently, in the oxidative me-
tabolism chain-associated ATP production. Howev-
er, Q10 is spread widely within the cell, being also
present in endoplasmic reticulum, in plasma membranes
and in Golgi apparatus, acting as an antioxidant mol-
ecule and free-radical scavenger (19). Ubiquinone Q10
has been reported to be a gatekeeper and modulator
of the permeability transition pore (PTP), a mitochon-
drial inner membrane conductance channel (24, 25).
Opening the PTP increases inner mitochondrial mem-
brane permeability, causing the collapse of the pro-
ton-motive force, disruption of ionic homeostasis and
massive dephosphorylation of ATP, an early sequence
of events in the apoptotic pathway (26-30). This leads
to extrusion of cytochrome-c from the mitochondri-

on to cytoplasm and its binding to Apaf-1, which trig-
gers the caspase cascade (27, 31-33). By stopping
the opening of the PTP induced by Ca2+ overload (34,35),
ubiquinone Q10 appears to be a potential mitochon-
drial inhibitor of apoptotic signal transduction, and
presents functional analogies with the antiapoptotic
oncogene bcl-2.

With respect to our application, the quantification
of cellular malonaldehyde suggests that the antiapoptotic
effects of ubiquinone Q10 after ArF laser irradiation
can be attributed to its inhibiting free radical production.
Nevertheless the possibility of these effects being more
specifically due to its regulatory function on mitochondrial
PTP is not to be excluded.

CONCLUSIONS

The present study shows that in vitro ubiquinone
Q10 prevented apoptosis of RCE cells after excimer
laser irradiation. It appears reasonable – though more
research is obviously required – to expect similar re-
sults for human keratocytes, in which case this free
radical scavenger in the PRK surgical procedure might
help reduce the incidence of haze formation and cur-
vature regression.
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