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Abstract. The aim of the present study was to evaluate the change in corneal protein and oxida-
tive stress state after using photodynamic therapy (PDT) for treatment of experimental corneal
neovascularization (NV) with benzoporphyrin derivative (BPD). One group was considered as 
control (N = 10 eyes), corneal NV was induced in 25 New Zealand male rabbits (N = 50 eyes) 
after placing silk sutures in the corneal limbus. Five rabbits with corneal NV were left without
any treatment, and 20 rabbits were administered by intravenous injection with Verteporfin at
a dose of 1.5 mg/kg. Diode laser (660 nm) was applied for 5 minutes with a power of 50 mW/cm2. 
For a period of 4 weeks, five rabbits were selected and sacrificed weekly (N = 10 eyes each). The
corneas were isolated for determination of protein content, SDS-PAGE, total antioxidant capacity 
(TAC), total oxidative capacity (TOC), malondialdhyde (MDA) and oxidative stress index (OSI). 
The results indicated that corneal NV induced changes in the content and composition on the
corneal protein and gradual improvement of the cornea after the 3rd and 4th week of PDT was 
detected. Furthermore, the oxidative/antioxidative balance shifted towards the antioxidative status
that helped to prevent further damage.
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Introduction

The cornea is the transparent front part of the eye that covers
the iris, pupil, and anterior chamber. Because transparency 
is of prime importance, the cornea does not have blood 
vessels; it receives nutrients via diffusion from the tear fluid,
the aqueous humor. The cornea has no blood supply; it gets
oxygen directly from the air through the tears (Cassin and 
Solomon 1990).

Corneal neovascularization (NV) is the main cause of 
blindness worldwide, and it caused by many factors such 
as, inflammation, degenerative disorder, infection, chemi-

cal burns, and long-term contact lens wear (Lee et al. 1998). 
The lack of blood vessels in the cornea allows the passage of
light and the absorption of oxygen from the air. Corneal NV 
causes corneal hypoxia, and the body attempts to provide 
the eye with the necessary nutrients and oxygen to the cor-
neal tissue by increasing the activity of vascular endothelial 
growth factor (VEGF), inducing the formation of new vas-
cular growth (The Association for Research in Vision and
Ophthalmology, ARVO 2008). The primary treatments of
these vessels are the topical corticosteroids and non-ster-
oids anti-inflammatory drugs. However, if the vessels have
been established for an extended period, these treatments 
are ineffective (Epstein et al. 1987). Although, argon laser
NV has been reported, this method achieved an inadequate 
effect because of the high incidence of recanalization and
thermal damage to the adjacent tissues (Nirankari and Bear 
1986; Marsh 1988).
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Recent advances in understanding the molecular mecha-
nisms have facilitated the development of new therapies 
for neovascular ocular diseases (Lynch and Cheng 2007; 
Hosseini and Nejabat 2007; Kim et al. 2008). Corneal NV 
is a challenging condition, and because corneal clarity and 
avascularity are critical for maintaining vision, developing 
treatments for corneal NV is crucial. In photodynamic 
therapy, systemically administered porphyrin derivatives 
accumulate in proliferating endothelial cells. Laser energy 
is then used to activate the porphyrin derivatives librating 
cytotoxic oxygen free radicals (Gohto et al. 2000a,b). This re-
active oxygen species (ROS) facilitate the damage to vascular 
endothelium by activates platelets, leading to the formation 
of thrombus that occlude the target vessels. 

Verteporfin (C41H42N4O8) otherwise known as benzopor-
phyrin derivative (trade name Visudyne®), is a medication 
used as antineoplastic agents, photosensitizing agents and 
antineovascularisation agents. Verteporfin was used in con-
junction with a laser to eliminate the abnormal blood vessels 
in the eye associated with conditions such as the wet form of 
macular degeneration. Verteporfin accumulates in these ab-
normal blood vessels and, when stimulated by non-thermal red 
light laser in the presence of oxygen, produces highly reactive 
short-lived singlet oxygen and other reactive oxygen radicals, 
resulting in local damage to the endothelium and blockage of 
the vessels (Nowak-Sliwinska et al. 2006; Chan et al. 2010).

The aim of the present work was to study the change in
corneal protein content and composition and assess the 
mechanism of oxidant-antioxidant imbalance produced 
secondary to treatment of corneal NV with PDT.

Materials and Methods 

Animals

New Zealand male rabbits (n = 30) weighing 2–2.5 kg were 
selected from the animal house of Research Institute of 
Ophthalmology, Giza, Egypt. The animals were maintained
in a standard 12-h light/dark cycle with free access to water 
and balanced diet. All procedures were conducted accord-
ing to the principles enunciated in the Guide for Care and 
Use of Laboratory Animals (NIH publication No. 85-23). 
They were subjected to experimental protocols approved
by the local experimental ethics committee of ophthalmic 
and vision research. 

Clinical examination

All rabbits’ eyes were examined by slit lamp biomicroscope 
before induction of corneal neovascularization. The results
indicate no signs of edema or intraocular inflammation in
all eyes.

Corneal neovascularization 

Five rabbits were used as control, and 25 rabbits (N = 50; N, 
number of eyes) were generally anesthetized using intra-
muscular Xylaject (0.2 ml/kg) and ketamine hydrochloride 
(0.6 ml/ kg). Benoxinate eye drops (0.4%) was used for lo-
cal anesthesia. Corneal neovascularization was induced by 
a three 7.0 silk sutures at midstromal depth approximately 
1 mm from the limbus (Schmidt-Erfurth et al. 1995). Anti-
inflammatory eye drops (Diclofenac) was used three times
daily to treat pain and inflammation. After four days slit
lamp examination was performed to determine the area of 
corneal NV.

Photodynamic therapy

Five rabbits with corneal NV (N = 10) were left without any
treatment and the rest of rabbits (N = 40) were generally 
anesthetized, and verteporfin (Visudyne®; Novartis AG, 
Basel, Switzerland) with a dose of 1.5 mg/kg was admin-
istered by slow intravenous injection in the marginal ear 
vein. After 15 minutes, rabbit’s eyes were exposed to direct
contact of diode laser (SIM-MED Gallium Midi, UK) at 
660 nm for five minutes and a power of 50 mW/cm2. For 
a period of four weeks, five selected animals were sacrificed
weekly, and the eyes were enucleated; the neovascularized 
portions of the corneas were isolated for determination of 
total protein content, SDS-PAGE, total antioxidant capacity 
(TAC), total oxidative capacity (TOC) and malondialdhyde 
(MDA).

A tissue samples from a neovascularized portion of the 
corneas were accurately weighed and homogenized using 
cell homogenizer (type Tübingen 7400, Germany), in a 10-
fold volume of 20 mM ice-cold tris-HCl buffer, pH 7.4. The
homogenate was centrifuged for 20 minutes at 10,000 rpm 
in a bench centrifuge (Awel centrifuge MS 20, France). The
resultant supernatant was used for determination of total 
protein content and TAC, TOC, oxidative stress index (OSI) 
and MDA. All reagents were of the highest purity available. 
Chemicals for measurement of TAC and TOC were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Protein analysis

Corneal protein content was determined according to the 
method of Lowry et al. (1951). The developing color was
measured with a spectrophotometer (type UV-visible re-
cording 240 Graphical, Shimatzu, Japan) at 750 nm. Protein 
composition of the cornea was analyzed by SDS-PAGE ac-
cording to its molecular weight by the method of Laemmli 
(1970) using 3% stacking gel and 10% separating gel. The gel
was scanned using scanner model SG-700 Imaging Densi-
tometer (Bio Rad).
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The total antioxidative capacity (TAC)

The supernatants were subjected to biochemical analysis of
the total antioxidative capacity using a colorimetric method 
performed by the reaction of antioxidants in the sample 
with a defined amount of exogenously provided hydrogen
peroxide (H2O2). The TAC was determined at 505 nm by an
enzymatic reaction and the results are expressed in terms of 
mM/g tissue (Koracevic 2001).

Measurement of total oxidant capacity (TOC)

The TOC levels of the cornea were determined using a color-
imetric method (Aebi 1984). Therefore, the color intensity,
measured spectrophotometrically at 510 nm, is related to the 
total number of oxidant molecules present in the sample. The
results are expressed in terms of mM/g tissue. 

Measurement of malondialdehyde (MDA)

Quantitative determination of MDA was carried out colori-
metrically using kit purchased from Biodiagnostic Co., 
Egypt, according to method described by Ohkawa et al. 
(1979); Martinez et al. (2002). The determination of lipid per-
oxidation product (MDA) was measured by thiobarbituric 
acid assay, which is based on MDA reaction with thiobarbi-
turic acid to produce thiobarbituric acid reactive substances 
(TBARS), a red species that absorbs at 535 nm. 

Determination of oxidative stress index (OSI) 

The ratio of TOC to TAC was accepted as OSI. The OSI
values were calculated according to the following formula: 
OSI = TOC (mM/g tissue) / TAC (mM/g tissue) (Demirbag 
et al. 2007). 

Statistical analysis 

Statistical analysis was performed using Student´s t-test. 
The results were expressed as the mean ± standard devia-
tion (SD). Statistical significance was assumed at a level of
p < 0.05 (Snedecore and Cochran 1976). 

Results

Protein analysis

The total protein concentration of the control cornea was
28.3 ± 0.4 mg/g tissue (Fig. 1). This value was significantly
increased in corneal NV group to 71.4 ± 0.3 (p < 0.001) with 
percentage change of 152% with respect to the control. After
1 and 2 weeks of PDT, the protein content decreased to 67.3 

Figure 1. Protein content of rabbit cornea for control group, corneal 
NV group and groups exposed to PDT. NV, neovascularization; 
PDT, photodynamic therapy.

± 0.3 and 54.1 ± 0.6 mg/g tissue, respectively (p < 0.001). 
After 3 and 4 weeks of PDT, the protein content showed
progressive reduction nearly to the control value (47.9 ± 0.7 
and 26.4 ± 0.4 mg/g tissue, respectively). 

The SDS-PAGE profiles of control and neovascularized
corneal protein were illustrated in Fig. 2. The control was
characterized by the presence of 12 peaks that varies in 
their molecular weights, broadening and intensities. After
induction of corneal NV, the pattern showed changes in the 
intensities of the bands accompanied with the appearance of 
new fractions at 185, 160, 130, 100 and 12 kD. One week after
PDT, there was a pronounced shift towards high molecular
weight region with the appearance of two new protein frac-
tions at 204 and 157 kD accompanied with broadening and 
increase in the intensity of the fraction at 89 kD. Moreover, 
after two weeks the pattern of electrophoresis showed the
appearance of new fraction at 186 kD and decreasing in the 
intensity of the band at 89 kD. After the 3rd week of PDT, 
there was distinct recovery in the electrophoresis patterns. 
Furthermore, after the 4th week of PDT the corneal protein 
pattern revealed obvious improvement that approximately 
resembling the control. In contrast, the recovery effect of
PDT after 4 weeks was higher relative to the corresponding
pattern with corneal NV. 

Oxidative stress markers

Mean and SD values of TAC, TOC and MDA levels for con-
trol and all treated groups were presented in Table 1. There
were significant differences than the control in TAC and TOC
levels in all groups. The data showed a significant reduction
in TAC (–18.8%, p < 0.05) from 156 ± 2.1 × 10–4 mM/g tissue 
for the control to 129 ± 1.5 × 10–4 mM/g tissue after corneal
NV, and very high significant increase in TOC (61.6%, p < 
0.001) from 8.23 ± 0.6 mM/g tissue for the control to13.3 
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± 0.7 mM/g tissue after corneal NV. After 1, 2,
3 and 4 weeks of PDT, there were progressive 
increases in TAC for all studied groups with 
values of 208 ± 2.5, 266 ± 1.9, 288 ± 2.6 and 142 
± 1.2 (× 10–4 mM/g tissue), respectively, with 
a significant inverse relation between the TAC
and TOC levels of the third and fourth week. 
In groups of PDT after 3 and 4 weeks, Table 1
shows that the levels of MDA are significantly
correlated with TOC. In contrast, there was an 
inverse relationship between MDA and TAC 
levels after 4 weeks of PDT.

OSI illustrated the ratio of TOC to TAC and 
determined the oxidative/ antioxidative bal-
ance (Fig. 3). In case of corneal NV group, the 
data indicated shifting towards oxidative status
(1028 ± 22), and oxidative stress was very high 
compared with the control group (525 ± 18). 
After 1, 2, 3, and 4 weeks of PDT the oxidative
stress was shifted towards antioxidative status
with a values of 845 ± 11, 781 ± 2, 655 ± 5 and 
454 ± 4, respectively.

Discussion 

Photodynamic therapy has gained increasing 
interest in ophthalmology, representing an ex-
perimental tool for the diagnosis and treatment 
of tumors located in the eye. PDT is a treatment 
modality involving the administration of pho-
tosensitizing compound, which selectively 
accumulates in the hyperproliferative target 
cells followed by local irradiation of lesion with 
visible light. The combination of two nontoxic
elements, i. e. drug and light, in the presence 
of oxygen results in the selective destruction 
of the target tissue by necrosis and apoptosis 
(Lukšienė 2003). 

Numerous investigations supported the idea 
that the efficacy of PDT is directly related to
the yield of O2 in the tumor environment and 
the yield of O2 depends on the concentration 
of oxygen in the tissue. Hypoxic cells are very 
resistant to photosensitization and the photody-
namic reaction mechanism itself may consume 
oxygen at a rate sufficient to inhibit further
photosensitization effects. It has been sug-
gested, that hyperbaric oxygen might enhance 
the photosensitization effect (Henderson and
Dougherty 1992). 

Verteporfin, a liposomal formulation of ben-
zoporphyrin derivative monoacid ring A (BPD-

Figure 2. SDS-PAGE pattern of rabbits´corneal protein for control vs. corneal 
NV group; 1, 2, 3 and 4 weeks after PDT exposition; control vs. 4 weeks after PDT
exposition; and 4 weeks after PDT vs. corneal NV group. 
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MA), is being used clinically in photodynamic therapy for 
age-related macular degeneration (Ichikawa 2004). Verte-
porfin is transported in the plasma primarily by lipoproteins
(especially low-density lipoproteins), are known to deliver 
hydrophobic materials to tumor cells (de Smidt et al. 1993; 
Koller-Lucae et al. 1999; Pan et al. 2004). 

In the present study, the change in corneal protein after
induction of NV was evaluated. The results indicated elevated
levels of corneal protein percentage above the baseline of the 
control (152%). Furthermore, decreasing in protein contents 
were observed during the next four weeks after exposure to
PDT due to regression of corneal NV. These results suggested
that, the induction of corneal NV caused corneal hypoxia, 
inducing the formation of new vascular growth by increas-
ing the activity of VEGF (The Association for Research in
Vision and Ophthalmology ARVO, 2008). This process was
associated with an enhanced formation of blood vessels 
containing blood component, leading to elevated levels of 
protein content of the cornea and therefore changing in its 
SDS-electrophoresis pattern. Furthermore, once Verteporfin
was activated by light in the presence of oxygen, highly reac-
tive, short-lived singlet oxygen and reactive oxygen radicals 
are generated. Light activation of Verteporfin resulted in
local damage to neovascular endothelium, vessel occlusion, 
leading to gradual improvement in protein content and in 
electrophoresis patterns during the next four weeks after
PDT indicating the suppression of vessels growth and the 
survival of corneal tissue.

The present study is the first to evaluate levels of TAC,
TOC and OSI of neovascularized cornea and cornea exposed 
to PDT. It is well known that various antioxidants have an 
additive effect, protecting the organism from free radicals
(Wayner et al. 1987). In this respect, evaluation of TAC 
provides information about the antioxidative capacity of 
the tissues (Erel 2004).

Based on current knowledge, ROS are produced in 
metabolic and physiological processes, and harmful oxida-
tive reactions may occur in organisms that remove them via 
enzymatic and non-enzymatic antioxidative mechanisms. 

Unstable free radical species attack cellular components 
causing damage to lipids, proteins, and DNA, which can 
initiate a chain of events resulting in the onset of a variety 
of diseases. Meanwhile, living organisms have developed 
complex antioxidant systems to counteract ROS and to 
reduce their damage (Yanik et al. 2004; Harma et al. 2005; 
Yeni et al. 2005). 

These antioxidant systems include enzymes such as su-
peroxide dismutase, catalase, and glutathione peroxidase; 
macromolecules such as albumin, ceruloplasmin, and fer-
ritin; and an array of small molecules, including ascorbic 
acid, α-tocopherol, β-carotene, reduced glutathione, uric 
acid, and bilirubin. The sum of endogenous and food-de-
rived antioxidants represents the total antioxidant activity 
of the system. The cooperation among different antioxidants
provides greater protection against attack by reactive oxygen 
or nitrogen species, than any single compound alone. Thus,
the overall antioxidant capacity may provide more relevant 
biological information compared to that obtained by the 
measurement of individual components, as it considers 
the cumulative effect of all antioxidants present in tissues
(Koracevic et al. 2001). 

Figure 3. Oxidative stress index (OSI) of rabbit cornea for control 
group, corneal NV group, and different groups exposed to PDT.

Table 1.  Malondialdehyde (MDA), total oxidative capacity (TOC), total antioxidative capacity 
(TAC) of rabbits´ cornea for control, corneal NV, and groups exposed to PDT

Group MDA
(nM/g tissue)

TOC
(mM/g tissue)

TAC
(10-4 mM/g tissue)

Control  172.3 ± 6.4  8.23 ± 0.6  156 ± 2.1
Corneal NV  278.4 ± 4.3  13.3 ± 0.7  129 ± 1.5

Corneal NV 
+ PDT

1 Week  289.5 ± 3.5  17.6 ± 0.5  208 ± 2.5
2 Weeks  396.6 ± 5.7  20.8 ± 0.6  266 ± 1.9
3 Weeks  356.5 ± 6.1  18.8 ± 0.8  288 ± 2.6
4 Weeks  152.2 ± 4.5  6.48 ± 0.3  142 ± 1.2

NV, neovascularization; PDT, photodynamic therapy.
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Oxidative stress resulted from increased number of lipid 
and protein oxidation products and decreased number of 
antioxidant enzymes and vitamins (Koksal and Kurban 
2010). In addition, OSI, the ratio of the corneal TOC level to 
TAC, is an indicator of oxidative stress reflecting the redox
balance between oxidation and antioxidation (Erel 2005; 
Demirbag 2007; Rabus et al. 2008). 

In the present study, we observed decrease in the TAC and 
increase in TOC of the cornea after induction of corneal NV
causing change in OSI by 103%. Furthermore, PDT stimulates 
the antioxidant defense system by elevation of TAC because it 
induces more oxidative stress. These data indicated that PDT
using liposomal Verteporfin, showed a stronger cytotoxicity
to neovascular endothelium that observed after 1 week of
laser treatment. Furthermore, since this toxic effect of PDT
appeared time dependently, the results indicated gradual 
improvement of the cornea after the 3rd and 4th week of PDT. 
Lipid peroxidation (MDA) has been used to reflect oxida-
tive stress. The present results revealed that, the levels of the
oxidative stress biomarker MDA were significantly increased
in corneal NV group and in all treated groups except after
three and four weeks compared to the control (Table 1). This
was considered the cause of an imbalance between oxidative 
and antioxidative status. Interestingly, these results suggested 
that the oxidative/antioxidative balance shifts towards the
antioxidative status and PDT with Verteporfin caused growth
cycle arrest that helps to prevent further damage and give the 
cell time to repair the defect. These results agree with previ-
ous reports of Nowak-Sliwinska et al. (2006) and Chan et al. 
(2010). They concluded that, damaged endothelium is known
to release procoagulant and vasoactive factors through the 
lipo-oxygenase (leukotriene) and cyclo-oxygenase (eicosa-
noids such as thromboxane) pathways, resulting in platelet 
aggregation, fibrin clot formation and vasoconstriction. In
addition, the antiproliferative activities would be not due to 
direct toxicity against neovasularized cells but due to blocking 
of some proliferative steps (Bortner et al. 2002).

Conclusion

This paper contribute not only to a better understanding
of mechanism of oxidant-antioxidant imbalance produced 
secondary to treatment of corneal neovascularization with 
PDT but also to the prediction of TAC, TOC and OSI levels 
as useful markers for evaluating changes in the oxidative 
status caused by PDT.
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