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I N T R O D U C T I O N

P h o t o refractive keratectomy (PRK) has emerged as
an effective and popular technique for the tre a t m e n t
of myopia and astigmatism in the last decade (1). How-

e v e r, it causes some major complications such as corn e a l
haze and myopic re g ression, which are thought to be
associated with excessive wound healing (2, 3). There
a re many studies demonstrating formation of free oxy-
gen radicals (4-6) and keratocyte apoptosis (7, 8) fol-
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lowing PRK, which were implicated in the formation
of haze and re g re s s i o n .

Nitric oxide (NO) is synthesized by three NO syn-
thetase (NOS) isoforms.  NOS I and III are constitu-
tively expressed in cells.  In contrast, inducible NOS
(NOS II) is typically synthesized in many cells after
challenge with immunologic or inflammatory stimuli.
Activity of NOS II is independent of calcium and gen-
erates large amounts of NO (9). The charge neutral-
ity and its high diffusion capacity are hallmarks that
characterize NO bioactivity. It acts as a potent in-
hibitor of the lipid peroxidation chain reaction by scav-
enging propatory lipid radicals and peroxidase en-
zymes. NO has several essential roles in mammals;
h o w e v e r, presence of superoxide and unre g u l a t e d
NO production causes peroxynitrite formation and
either apoptotic or necrotic cell death (10). The half-
life of NO in aqueous humor is short (11) and the sta-
ble final oxidative metabolites of NO are nitrite and
nitrate (12).

NOS activity was demonstrated in eye and NO has
been found to be partly responsible for some ocular
inflammatory diseases (uveitis, retinitis) and degen-
erative diseases (glaucoma, retinal degenerations) (13).
Kim et al (14) recently reported that corneal epitheli-
um, fibroblasts, and endothelium were the main
s o u rces of NO in ocular surface tissue. NO was also
shown to be produced spontaneously in the corn e a l
endothelium by NOS II and III activity and it was thought
to be involved in the maintenance of corneal thick-
ness (15-17). NO was also demonstrated to be re-
sponsible for corneal endothelial cell and keratocyte
death in phototoxicity (18).

In this study, because of the short half-life of NO,
we measured nitrite-nitrate level diff e rences as an in-
d i rect indicator of NO formation in the aqueous hu-
mor of rabbit eyes following epithelial scrape, superficial
PRK, and deep PRK.

M ATERIALS AND METHODS

Fifty eyes of 25 New Zealand white rabbits, each
rabbit weighing between 2.5 and 3.4 kg (3 months
old), were included in the study. Institutional guide-
lines re g a rding animal experimentation were fol-
lowed. Anesthesia was induced by an intramuscular
injection of 25 mg/kg ketamine HCl, 2.5 mg/kg xy-

lazine, and topical proparacaine hydro c h l o r i d e .
One eye later was randomly excluded from the study

in order to equalize the number of eyes in groups. The
remaining 49 eyes were divided into seven gro u p s ,
each comprising seven eyes. Right eyes of seven rab-
bits acted as unwounded control group (Group 1) and
c o rneal epithelium of seven left eyes was re m o v e d
( G roup 2). We performed superficial corneal ablation (59
µm or -5.0 D ablation) to right eyes of seven rabbits
( G roup 3) and deep corneal ablation (99 µm or -9.0 D
ablation) to seven left eyes (Group 4) after corn e a l
epithelial removal. These 14 rabbits were killed 4 hours
after surg e r y. Corneal epithelium of seven other rab-
bits was removed. Right eyes were separated for Gro u p
5 (epithelial scrape, 24 hour), and superficial corn e a l
ablation (59 µm or -5.0 D ablation) was performed on
left eyes (Group 6). Deep corneal ablation (99 µm or
-9.0 D ablation) was performed to the remaining eight
eyes of four rabbits (Group 7) and one eye was ran-
domly excluded from the study to equalize the num-
ber of eyes in groups. These 11 rabbits were killed 24
hours after surg e r y.

C o rneal epithelium was removed by a blunt spatu-
la (Visitec, Sarasota, CA) in all surgical groups. A 193-
nm argon fluoride excimer laser (Aesculap Meditec
MEL 60, Jena, Germany) was used to perform the PRK.
The fluence at the cornea was 220 mJ/cm2, with a
repetition rate of 10 Hz, and the diameter of ablation
zone was 6 mm. 

Topical tobramycin ointment was applied to con-
t rols and all surgical groups. We waited for 4 hours
(in Groups 1, 2, 3, and 4) or 24 hours (in Groups 5, 6,
and 7) following corneal surgeries to kill the rabbits
by intravenous injection of pentobarbital sodium (100
mg/kg). Aqueous humor samples were obtained by
using a 25-G needle and stored at -28 °C for the as-
sessment of NO levels.

Nitric oxide assay

Because the half-l ife of NO in aqueous humor is
short, NO levels were determined indirectly from the
stable end products of NO, nitrite plus nitrate con-
c e n t r a t i o n s .

Nitrite was measured by using the Griess re a c t i o n
(19). We equil ibrated to 25 °C the tubes containing
200 µL supernatant, 800 µL of 100 mmol/L potassi-
um phosphate buffer (pH 7.0), and 1000 µL of Griess



reagent (1 g/L sulfanilamide, 25 g/L phosphoric acid,
and 0.1 g/L naphthylethylenediamine). After 10 min-
utes of color development at room temperature, ab-
sorbance at 620 nm was measured on a Milton Roy
S p e c t ronic Array 3000 spectro p h o t o m e t e r. The re s u l t s
w e re expressed as µm o l / L .

Nitrate was measured by using the enzymatic one-
step assay with nitrate reductase (20). The method
was based on the reduction of nitrate to nitrite by ni-
trate reductase in the presence of β-NADPH. We equi-
librated at 25 °C tubes containing 250 µL of 100 µm o l / L
potassium phosphate buffer (pH 7.5) and 50 µL of 
12 mmol/L β-NADPH with 100 µL of sample. To start
the enzymatic reaction, we added 40 µL of 500 U/L
nitrate reductase. We incubated 45 minutes in the dark.
The concomitant oxidation of β-NADPH was moni-
t o red by the decrease in absorbance at 340 nm. The
method of standard addition was used to minimize
the effect of interfering substances from serum. The
results were expressed as µm o l / L .

Statistical analysis

Analysis of variance was used to evaluate the dif-
f e rences between the groups and p values less than
0.05 were considered statistically significant.

R E S U LTS 

Aqueous humor NO levels in all groups are pre s e n t e d
in Table I. Aqueous humor NO levels 4 hours after
c o rneal surgery (in Groups 2, 3, and 4) were statisti-
cally significantly lower than the control gro u p
(p<0.05) (Tab. I) (Fig. 1). There was no diff e rence be-
tween the surgical groups (in Groups 2, 3, and 4) (p>0.05). 

Twenty-four hours after surg e r y, NO levels of
G roups 5 and 6 were not significantly diff e rent fro m
the NO levels of the control group (p>0.05). In the
deep PRK group (Group 7), however, NO levels were
significantly lower than both the control group and
G roups 5 and 6 (p<0.05) (Tab. I) (Fig. 1). 

When we compared the NO levels measured at the
4th hour (Groups 2, 3, and 4) and at the 24th hour
( G roups 5, 6, and 7) in surgical groups, NO levels were
statistically significantly higher at the 24th hour in ep-
ithelial scrape (p<0.05) and superficial PRK gro u p s
(p<0.05), which had re t u rned to normal at the 24th

h o u r. The NO levels measured at the 24th hour in the
deep PRK group (Group 7) were significantly lower
than the controls and at the same measured levels at
4th hour (Group 4) (p>0.05). 
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Fig. 1 - Aqueous nitric oxide (NO) levels after corneal surgery. Error
bars represent the standard deviation from mean and p values repre-
sent the difference from control.

TABLE I - MEAN AQUEOUS HUMOR NITRIC OXIDE
LEVELS (µm o l / L) AFTER SURGERY

G ro u p s N O A N O VA
(mean ± SD) p

1 ( C o n t ro l ) 366.00 ± 68.36 0 . 0 0 0 *
2 (Epithelial scrape, 4 h) 238.43 ± 69.90 0 . 0 0 0 †
3 (Epithelial scrape-PRK,

59 µm, 4 h) 225.71 ± 45.52 0 . 0 0 0 †
4 (Epithelial scrape-PRK, 

99 µm, 4 h) 192.00 ± 42.42 0 . 0 0 0 †
5 (Epithelial scrape, 24 h) 381.00 ± 59.53 0 . 6 5 0 †
6 (Epithelial scrape-PRK, 

59 µm, 24 h) 379.43 ± 72.31 0 . 6 8 5 †
7 (Epithelial scrape-PRK, 

99 µm, 24 h) 255.29 ± 65.12 0 . 0 0 2 †

All groups included seven eyes
*Analysis of var iance (ANOVA) test re s u l t
†Post hoc test result showing the diff e rence from contro l
NO = Nitr ic oxide; PRK = Photorefractive keratectomy
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D I S C U S S I O N

NO is known to be an important cell-signaling mol-
ecule, anti-infective agent, and, as most recently re c-
ognized, an antioxidant (21). NO can both pro m o t e
and inhibit lipid peroxidation. NO is a scavenger of
lipid peroxyl radicals, and also an inhibitor of lipid
p e roxidation initiators, such as peroxidase enzymes
in the basal activity of NOS III. However, in the pre s-
ence of superoxide, NO forms peroxynitrite that ini-
tiates lipid peroxidation and oxidizes l ipid soluble an-
tioxidants. In contrast, NO is a more potent scavenger
than α- t o c o p h e rol and is able to inhibit the oxidation
of α- t o c o p h e rol (22). On the other hand, NO and per-
oxynitrite inhibit mitochondrial respiration: inhibition
is reversible in low NO levels, and irreversible in high
NO levels and/or in the presence of peroxynitrite. The
inhibition of NOS III or NO, activation of NOS II, or el-
evation of superoxide (forms of peroxynitrite) causes
cellular and tissue damage. NO is consequently a dou-
ble-edged sword (23).

In our study, we have demonstrated that NO levels
w e re decreased 4 hours after surg e r y. Epithelial re-
moval may cause NOS removal in epithelial cells and
low NO levels, but the corneas were not completely
epithelialized 24 hours after surgery in Groups 5 and
6, in which the NO levels were normalized.

S u rgical trauma such as mechanical, thermal, and
ultraviolet (UV) radiation can cause low NO levels by
inhibiting NOS as a result of direct tissue damage or
i n d i rectly by increasing formation of free oxygen rad-
icals, which can react with NO, forming more power-
ful oxidant pero x y n i t r i t e .

F ree oxygen radical formation can be initiated with
UV radiation (4, 5, 24), thermal increase (6, 25), and
accumulation of PMN (26-28) during and after PRK
and this causes tissue damage. Several studies have
demonstrated that antioxidants such as supero x i d e
dismutase (SOD) (29), ascorbic acid (vitamin C) (28),
and α- t o c o p h e rol (vitamin E) (30) may regulate stro-
mal wound healing, which indirectly suggests radical
f o r m a t i o n .

Nitration of tyrosine residues in proteins by pero x-
ynitrite to 3-nitro t y rosine is an indication of the pre s-
ence of peroxynitrite that can be identified using ni-
t ro t y rosine antibodies (31). There are several re p o r t s
suggesting formation of peroxynitrite during inflam-
matory processes (31-33) and in anterior chamber af-

ter experimental uveitis in rabbits (34). More o v e r, ni-
t ro t y rosine formation was demonstrated in corneal tis-
sue after excimer laser photokeratectomy (14).

The normalized NO levels in epithelial scrape and
superficial PRK groups at the 24th hour are caused
by reversible damage. The lowest NO levels were ob-
tained in the deep PRK group at the 4th hour, which
w e re stable at the 24th hour. This could possibly be
explained by the increased free oxygen radical for-
mation caused by deep PRK application, which re-
sulted in more damage and more conversion of NO
to peroxynitrite. In another study by Mirza et al (35),
the decreased tear nitrite-nitrate levels in non-Behçet
uveitis patients were considered to be the result of
rapid transformation of NO to pero x y n i t r i t e .

U n regulated NO production and peroxynitrite for-
mation can cause cell death through oxidative stre s s ,
disrupted energy metabolism, DNA damage, activa-
tion of poly (ADP-ribose) polymerase, or dysre g u l a-
tion of cytosolic calcium. Such disturbances can lead
to either apoptotic or necrotic cell death, depending
on the severity and context of the damage. Small de-
c reases in cellular ATP levels and mild oxidative stre s s
lead to apoptosis, whereas important decreases in
ATP and severe oxidative stress rapidly cause necro-
sis (10).

Keratocyte apoptosis after refractive corn e a l
s u rgery is a well-established issue in recent years (7,
8). Shimmura et al (36) have reported that hydro x y l
radicals may be partly responsible for keratocyte apop-
tosis after PRK. We have recently reported kerato-
cyte apoptosis following mechanical epithelial re m o v a l ,
traditional PRK (caused the highest number of apop-
totic keratocytes), and LASIK pro c e d u res in rabbit corn e a s
(37). We have also shown that topical vitamin E tre a t-
ment immediately after traditional PRK could pre v e n t
apoptosis (37). Necrosis and apoptosis induced by
reactive oxygen species were reported in in vitro b o v i n e
endothelial cells (38). These results also suggest that
f ree oxygen radicals and peroxynitrite may be partly
responsible for keratocyte apoptosis after PRK.

In conclusion, this study suggests that corneal surg e r y
caused a decrease in aqueous humor NO levels 4 hours
after surg e r y. This decrease could be due to the in-
hibition of NOS and peroxynitrite formation from NO
in the presence of superoxide radical (induced by corn e a l
s u rgery). However, 24 hours after surg e r y, NO levels
normalize following epithelial scrape and superficial



PRK, and were sti ll  lower than the control group in
the deep PRK group. Deep PRK applications possi-
bly induce more tissue damage and the highest amounts
of free oxygen radical formation, which led to more
p e roxynitrite but less NO in the aqueous humor. 
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