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Increase of free oxygen radicals in aqueous
humour induced by selective Nd:YAG laser 
trabeculoplasty in the rabbit

INTRODUCTION

The clinical application of a Nd:YAG laser to selec-
tively target the pigmented trabecular meshwork was
proposed as a new treatment for primary open angle
glaucoma (1). Unlike in argon laser trabeculoplasty, ther-
mal diffusion from targeted cells to the surrounding
nonpigmented trabecular meshwork cells is minimal;
therefore the technique has been named selective laser
trabeculoplasty (2-4). 

Visible wavelength lasers are employed to create

laser energy that is absorbed by pigmented intraoc-
ular tissue, transforming the light energy into heat. A
temperature increase sufficient to denature protein
occurs and thermal degradation liberates free oxy-
gen radicals in tissues (5). Free oxygen radicals gen-
erated by the infiltrating polymorphonuclear cells are
toxic and create tissue damage and inflammation. They
can also cause peroxidation of fatty acids or lipids of
cell membranes, which is known as lipid peroxidation
(6). The iris and corneal endothelium is a potential
site of free radical damage as it is rich in polyunsat-
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urated fatty acids that are especially susceptible to
peroxidation (7,8). Reactive oxygen metabolites ap-
pear to play an important role in the amplification of
the inflammatory process and have direct cytotoxic
effects as well.

The balance between production and catabolism of
oxygen metabolites by cells and tissues is critical for
the maintenance of biochemical processes, and may
have a direct impact on the extent of free radical-in-
duced tissue damage (9). The eye has effective de-
fenses against toxic oxygen products. It contains a
variety of antioxidants, including SOD, catalase, glu-
tathione peroxidase, P-phenyl diamine peroxidase, GST,
ascorbate, and vitamin E (10). These antioxidants pro-
tect the eye either by trapping the radicals or by in-
terfering with oxidative chain reactions. Because of
conflicting biochemical and histochemical data, the
distribution of these antioxidants in the eye is not clear-
ly defined. It is hoped that immunohistochemical stud-
ies will enable us to locate them more precisely and,
so far, the ocular distribution of SOD has been re-
ported (7). Specific immunohistochemical localization
of copper-zinc SOD in ocular tissues has revealed its
presence predominantly in the cornea, sclera and iris.
This enzyme was seen primarily in ocular structures
that may be frequently exposed to superoxide or its
metabolites under physiological conditions and in patho-
logical processes such as intraocular inflammation (11).
It is reported that toxic aldehyde products of lipid
peroxidation are natural substrates for GST. GST is
the first enzyme in the mercapturic acid pathway, which
detoxifies xenobiotic substrates including aldehydes,
as by-products of membrane lipid peroxidation. Con-
sequently, a major biological function of GST may be
to protect the cell from these toxic compounds orig-
inating from the oxygen metabolism (12). GST activ-
ities were increased in some corneal disorders (13).
In the present study we measured LPO levels, SOD
and GST activities in aqueous humour after selective
Nd:YAG laser trabeculoplasty in the rabbit. 

MATERIAL AND METHODS

A total of 18 pigmented rabbits without ocular ab-
normalities, weighing between 3 and 4 kg, were used.
The animals were cared for in accordance with the
Association for Research in Vision and Ophthalmol-

ogy Statement for the Use of Animals in Ophthalmic
and Vision Research. One eye per animal was treat-
ed, the other eye remaining intact. Laser treatments
and aspiration of aqueous humour were done under
general anesthesia with intramuscular ketamine hy-
drochloride (25 mg/kg) and xylazine hydrochloride (5
mg/kg).  

One eye of each rabbit was subjected to a 360° se-
lective LT with a 532 nm frequency-doubled green
Nd:YAG laser (Oculight GL-IRIS Medical Instruments)
through a Trokel F/3 Gonio laser lens (Ocular Instru-
ments), spot size 75 µm (68 µm in target tissue with
Trokel lens), duration 50 ms, power 800 mw, number
of laser spots 100 in 360°. Adjacent but not overlap-
ping spots were made. The desired response is a blanch-
ing of the pigmented trabecular meshwork with or with-
out minimal bubble formation. 

The anterior chamber aqueous humour was aspi-
rated using a 26-gauge needle 3, 12 hours and 1, 3,
7, 10 days after the treatment. The central cornea was
cannulated, then the samples were immediately
frozen and stored at -70°C until assay. 

Lipid peroxidation levels in the aqueous humour was
determined using the thiobarbituric acid (TBA) method
(14). Malondialdehyde (MDA), an end-product of fatty
acid peroxidation, reacts with TBA to form a colored
complex that has maximum absorbance at 532 nm.
MDA values were calculated from the absorbance co-
efficient of the MDA-TBA complex at 532 nm, 1.56x105

cm-1 mol-1. The values were expressed as nanomoles
MDA formed per ml aqueous. 

SOD activities of the samples were determined by
inhibition of nitroblue tetrazolium reduction, with xan-
thine-xanthine oxidase used as a superoxide gener-
ator (15). The results were expressed as U/mg pro-
tein aqueous. One unit of SOD is defined as the amount
of protein that inhibits the rate of nitroblue tetrazolium
reduction by 50%. Aqueous protein levels were de-
termined with folin phenol reagent (16). 

GST activity was determined according to the
method of Habig et al (17). The assay mixture (1 ml)
contained 1 mM 1-chloro-2,4-dinitrobenzene and 1
mM GSH in 0.1 M potassium phosphate buffer, pH
6.5. After adding 10 µl aqueous humour, the increase
in absorption was measured at 340 nm for 3 minutes
at 25°C. The enzyme activity was expressed in U/mg
of protein. The results were analyzed by using the
paired samples t-test.
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RESULTS

Three and 12 hours, 1 and 3 days after the laser
treatment LPO concentrations in the aqueous humour
were significantly higher than in the untreated-con-
trol eyes of the same animals. Seven and ten days af-
ter the treatment, no differences were seen between
the treated and untreated eyes (Tab. I, Fig.1). 

By 3, 12 hours, 1 and 3 days after the laser treat-
ment SOD concentrations in the aqueous humour were
significantly lower than in the untreated eyes of the
same animals and by 7 and 10 days no differences
were seen between the treated and untreated eyes
(Tab. II, Fig. 2).

At 12 hours, 1 and 3 days after the treatment GST
concentrations in the aqueous humour were signifi-
cantly lower than in the untreated eyes, and by 3 hours,
7 and 10 days after the treatment no differences were
seen between the treated and untreated eyes (Tab.
III, Fig. 3). 

DISCUSSION

Laser effects in biological tissue can be divided
into three general categories: photochemical, ther-
mal, and ionizing. Although it is conceptually use-
ful to differentiate between these actions, it is im-
portant to recognize that more than one may occur
together and be responsible for clinical effects at
intermediate values of irradiance and exposure time
(18). Laser light entering biological tissue is either
transmitted, absorbed or scattered. Absorption of
a photon may alter the energy states of electrons
of atoms in a molecule at the target site. The heat
generated by the absorption of laser energy is dis-
sipated in the surrounding tissue. If intense laser
energy is focused onto a very small area for a short
time, a reaction occurs that is independent of pig-
ment absorption and is referred to as photodisrup-
tion. An instantaneous electric field is generated,
which literally strips electrons from target atoms,
producing a gaseous state, called “plasma”. As ion-
ized atoms of a plasma recombine with a wide range
of energies are emitted, producing a spark of inco-
herent white light. Associated shock and pressure
waves create additional mechanical damage to tar-
get tissues, resulting in a reaction that can disrupt

both pigmented and nonpigmented structures.
Thermal effects are also involved in the mechanism

of photodisruption (19). The high irradiance ionizes
in a small volume of the tissue at the focal point of
the laser beam and degradation of organic materials
may also produce homolytic fission and liberate tox-
ic oxygen radicals. Reactive oxygen radicals create
tissue damage by reactions with lipid components of
the cell membranes, nucleic acids and sulphur-con-
taining enzymes (5,20). 
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Fig. 1 - LPO concentrations in aqueous humour after laser treat-
ment for treated and control eyes.

Fig. 2 - SOD concentrations in aqueous humour after laser treat-
ment for treated and control eyes.

Fig. 3 - GST concentrations in aqueous humour after laser treat-
ment for treated and control eyes.
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The eye protects itself from toxic radical injury by
two major protective mechanisms. There are antiox-
idant enzyme systems, e.g. SOD, GST, catalase, and
free radical scavengers such as vitamins E, C and A

(7). GST and copper-zinc SOD have been located with-
in the cellular components of the iris; anterior pig-
mented myoepithelium, fibrocytes, and melanocytes
in both the iris stroma and anterior border layer. Glu-

TABLE I - LPO CONCENTRATIONS IN AQUEOUS HUMOUR (nmol OF TBA REACTIVE SUBSTANCE/ml AQUEOUS)
AFTER LASER TREATMENT FOR TREATED AND UNTREATED CONTROL EYES

LPO (mean±SD)

Time Treated eyes Control eyes Paired samples t-test

Hour 3 11.89 ± 2.42 8.12 ± 0.99 ..4.55***
Hour 12 14.11 ± 1.90 8.22 ± 0.97 ...8.11****
Day 1 10.56 ± 2.43 7.91 ± 0.75 .3.23**
Day 3 08.61 ± 1.00 8.24 ± 1.04 .3.02**
Day 7 08.36 ± 0.99 8.08 ± 1.10 1.03*
Day 10 08.23 ± 0.92 8.16 ± 0.86 1.02*

* p>0.05   ** p<0.05   *** p<0.01   **** p<0.001

TABLE II - SOD CONCENTRATIONS IN AQUEOUS HUMOUR (U/mg PROTEIN) AFTER LASER TREATMENT FOR
TREATED AND UNTREATED CONTROL EYES

SOD (mean ± SD)

Time Treated eyes Control eyes Paired samples t-test

Hour 3 2.16 ± 0.95 4.17 ± 1.32 .-3.85**
Hour 12 1.63 ± 1.02 4.13 ± 1.19 ..-4.94***
Day 1 1.14 ± 0.82 4.06 ± 1.31 ..-4.91***
Day 3 1.44 ± 0.89 4.12 ± 1.58 .-4.30**
Day 7 3.57 ± 1.15 4.17 ± 1.09 -2.01*
Day 10 3.56 ± 1.24 4.20 ± 1.18 -2.02*

* p>0.05   ** p<0.01   *** p=0.001

TABLE III - GST CONCENTRATIONS IN AQUEOUS HUMOUR (U/mg PROTEIN) AFTER LASER TREATMENT FOR
TREATED AND UNTREATED-CONTROL EYES

GST (mean ± SD)

Time Treated eyes Control eyes Paired samples t-test

Hour 3 0.58 ± 0.16 0.62 ± 0.20 -1.94*
Hour 12 0.31 ± 0.15 0.62 ± 0.19 .-3.94**
Day 1 0.24 ± 0.13 0.59 ± 0.19 .-4.07**
Day 3 0.30 ± 0.12 0.64 ± 0.20 ..-6.20***
Day 7 0.54 ± 0.23 0.63 ± 0.19 -0.84*
Day 10 0.57 ± 0.19 0.61 ± 0.18 -1.49*

* p>0.05   ** p<0.01   *** p<0.001
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tathione peroxidase has been found only in erythro-
cytes within the vasculature of the human iris (8). 

Varma et al demonstrated that intraocular photo-
catalytic generation of oxygen radicals was harmful,
as indicated by the formation of excessive lipid per-
oxides (21). Antioxidant enzyme systems appear to
play a role in preventing damage from this photocat-
alytic generation of oxygen radicals through their dis-
tribution in the endothelium of the cornea, iris, tra-
becular meshwork and ciliary epithelium, and in the
lens, as these structures are constantly exposed to
the aqueous humour and its photocatalytic products. 

In pathological conditions such as anterior uveitis,
the inflammatory cells could produce superoxide and
its metabolites. The enzyme SOD in the lining cells of
ocular cavities may minimize the destructive effects
of these metabolites on the endothelium, iris and cil-
iary processes. Similar beneficial effects may be op-
erative in the vitreous by preventing superoxide-me-
diated depolymerization of hyaluronic acid (22,23). 

The inflammatory reaction is an important source
of oxygen free radicals in the anterior chamber. Large
amounts of superoxide radicals are secreted by ac-
tivated phagocytic leukocytes, and the radical is al-
so formed as a byproduct during prostaglandin and
leukotriene biosynthesis. The ocular tissues and flu-
ids, except the retina, have little protection against
superoxide radicals formed during an inflammatory
reaction. The eye, however, is an immunologically priv-
ileged organ, apparently because of the widespread
occurrence of fas-ligand resulting in the apoptosis of
invading inflammatory leukocytes. The eye, therefore,
is almost completely spared from inflammatory reac-
tions, and this may explain the low basal content of
the SOD isoenzymes in most of its compartments. How-
ever, should the barriers of immunological privilege
be crossed, an inflammatory reaction would put many
ocular tissues at great risk of damage (24-26). 

The specific activity of SOD shows an age-depen-
dent decline in the normal human trabecular meshwork
(27). The potential role of SOD in primary open angle
glaucoma, a disorder of the aging trabecular mesh-
work, requires further investigation. Oxidative damage
after LT and antioxidant protection in the trabecular
meshwork and aqueous humour have not been stud-
ied previously. Recent anterior segment studies relat-
ed to oxidative damage have increasingly focused on
excimer laser corneal surgery and uveitis (6, 28-32).

Bilgihan et al found the aqueous LPO levels were
not changed after excimer laser photoablation, but
low aqueous SOD activities suggest that free radicals
were formed in the cornea during excimer laser ker-
atectomy (33). Hayashi et al reported lipid peroxida-
tion in the corneal stroma in excimer laser treated
corneas. This might come from free oxygen radicals
generated by the infiltrating polymorphonuclear cells
at the site of tissue damage (34). 

In our model selective LT resulted in raised aque-
ous humour LPO levels and low aqueous SOD and
GST activities. These changes suggest that free oxy-
gen radicals are formed in the pigmented trabecular
meshwork during selective LT, and that they may be
responsible for some of the complications of LT. The
use of a topical or systemic antioxidant such as ascor-
bic acid to reduce lipid peroxidation might limit post-
operative oxygen free radical tissue damage and the
acute inflammatory anterior chamber reaction. 

Reprint requests to:
Mustafa Guzey, MD
Forsa Sokak Guney Ap No 21 Daire 1 
Senesenevler Bostanci
Istanbul, Turkey
e-mail: guzey@turk.net

REFERENCES

1. Latina MA, Sibayan SA, Shin DH, Noecker Rl, Marcellino
G. Q-switched 532-nm Nd:YAG laser trabeculoplasty
(selective laser trabeculoplasty): a multicenter, pilot,
clinical study. Ophthalmology 1998; 105: 2082-8. 

2. Latina MA, Park C. Selective targeting of trabecular
meshwork cells: in vitro studies of pulsed and CW laser
interactions. Exp Eye Res 1995; 60: 359-72. 

3. Darnji KF, Shah KC, Rock WJ, Bains HS, Hodge WG.
Selective laser trabeculoplasty vs argon laser tra-
beculoplasty: a prospective randomised clinical trial.
Br J Ophthalmol 1999; 83: 718-22. 

4. Lanzetta P, Menchini U, Virgili G. Immediate intraocu-
lar pessure response to selective laser trabeculoplas-
ty. Br J Ophthalmol 1999; 83: 29-32. 



52

Free oxygen radicals in aqueous induced by selective laser trabeculoplasty

5. Bacharach J, Lee DA. Iridotomy, trabeculoplasty, and
trabecular ablation. In: Berlin MS, ed. Lasers In Oph-
thalmology. An update, Ophthalmology Clinics of North
America, Philadelphia: WB Saunders Co. 1993; 6: 425-
36. 

6. Mittag T. Role of oxygen radicals in ocular inflam-
mation and cellular damage. Exp Eye Res 1984; 39:
759-69. 

7. Rao NA, Thaete LG, Delmage M, Sevanian A. Super-
oxide dismutase in ocular structures. Invest Ophthal-
mol Vis Sci 1985, 26: 1778-81. 

8. Marshall GE. Antioxidant enzymes in the human iris: an
immunogold study. Br J Ophthalmol 1997; 81: 314-8. 

9. Fantone JC, Ward PA. Role of oxygen-derived free rad-
icals and metabolites in leukocyte-dependent inflam-
matory reactions. Am J Pathol 1984; 107: 397-418. 

10. Calandra AJ, Dunn SA, Atalla LR. Distribution of hy-
drogen peroxide and enzyme antioxidants in ocular tis-
sue. Invest Ophthalmol Vis Sci 1985; 26: 64-9. 

11. Behndig A, Svensson B, Marklund SL, Karlsson K. Su-
peroxide dismutase isoenzymes in the human eye. In-
vest Ophthalmol Vis Sci 1998; 39: 471-5. 

12. Gondhowiardjo TD, Van Haeringen NJ. Corneal alde-
hyde dehydrogenase, glutathione reductase, and glu-
tathione S-transferase in pathologic corneas. Cornea
1993; 12: 310-4.

13. Bilgihan K, Bilgihan A, Hasanreisoglu B, Turkozkan N.
Corneal aldehyde dehydrogenase and glutathione S-
transferase activity after excimer laser keratectomy in
guinea pigs. Br J Ophthalmol 1998; 82: 300-2. 

14. Okhawa H, Ohishi N, Yagi K. Assay of lipid peroxides
in animal tissues by thiobarbituric acid reaction. Anal
Biochem 1979; 95: 351-8. 

15. Sun Y, Oberley LW, Li Y. A simple method for clinical
assay of superoxide dismutase. Clin Chem 1988; 34:
497-500. 

16. Lowry OH, Rosebrough NJ, Farr AJ, Randall RJ. Pro-
tein measurement with folin phenol reagent. J Biol Chem
1951; 193: 265-75. 

17. Habig WH, Pabst MJ, Jakoby WB. Glutathione S-trans-
ferase: the first enzymatic step in mercapturic acid for-
mation. J Biol Chem 1974; 249: 130-9. 

18. Gaasterland DE, Mainster MA. Clinical laser physics and
laser safety. In: Ritch R, Shields MB, Krupin T eds. The
Glaucomas. St. Louis: Mosby, 1996; 3: 1539-43. 

19. Shields MB. Principles of laser surgery for glaucoma.
In: Shields MB ed. Textbook Of Glaucoma. Baltimore:
Williams & Wilkins 1992; 32: 527-33. 

20. Rose RC, Richer SP, Bode AM. Ocular oxidants and
antioxidant protection. Proc Soc Exp Biol Med 1998;
217: 397-407.

21. Varma SD, Srivastava VK, Richards RD. Photoperoxi-
dation in lens and cataract formation: preventive role
of superoxide dismutase, catalase and vitamin C. Oph-
thalmic Res 1982; 14: 167-71.

22. Crouch R, Priest DG, Duke EJ. Superoxide dismutase
activities of bovine ocular tissues. Exp Eye Res 1978;
27: 503-6. 

23. Fantone JC, Ward PA. Role of oxygen-derived free rad-
icals and metabolites in leukocyte-dependent inflam-
matory reactions. Am J Pathol 1982; 107: 397-401. 

24. Freeman BA, Crapo JD. Biology of disease, free radi-
cals and tissue injury. Lab Invest 1982; 47: 412-26. 

25. Wilson SE, Li Q, Weng J. The Fas-Fas ligand system
and other modulators of apoptosis in the cornea. In-
vest Ophthalmol Vis Sci 1996; 37: 1582-92. 

26. Ohta K, Norose K, Wang XC. Apoptosis related fas anti-
gen on memory T cells in aqueous humor of uveitis pa-
tients. Curr Eye Res 1996; 15: 299-306. 

27. De La Paz MA, Epstein DL. Effect of age on seperox-
ide dismutase activity of human trabecular meshwork.
Invest Ophthalmol Vis Sci 1996; 37: 1849-53. 

28. Shimmura S, Masumizu T, Nakai Y, Urayama K. Ex-
cimer laser-induced hydroxyl radical formation and ker-
atocyte death in vitro. Invest Ophthalmol Vis Sci 1999;
40: 1245-9.       

29. Ianopol N. Free radicals and eye inflammations. Oftal-
mologia 1998; 42: 5-9.

30. Kasetsuwan N, Wu FM, Hsieh F, Sanchez D, Mc Don-
nell PJ. Effect of topical ascorbic acid on free radical
tissue damage and inflammatory cell influx in the cornea
after excimer laser corneal surgery. Arch Ophthalmol
1999; 117: 649-52. 

31. Goto H, Wu GS, Chen F, Kristeva M. Sevanian A, Rao
NA. Lipid peroxidation in experimental uveitis: Sequential
studies. Curr Eye Res 1992; 11: 489-99. 

32. Rao NA, Romero JL, Fernandez MAS, Sevanian A, Marak
GE. Role of free radicals in uveitis. Surv Ophthalmol
1987; 32: 209-13. 

33. Bilgihan K, Bilgihan A, Akata F, Hasanreisoglu B, Turkozkan
N. Excimer laser corneal surgery and free oxygen rad-
icals. Jpn J Ophthalmol 1996; 40: 154-7. 

34. Hayashi S, Ishimoto S, Wu GS, Wee WR, Rao NA, Mc-
Donnell PJ. Oxygen free radical damage in the cornea
after excimer laser therapy. Br J Ophthalmol 1997; 81:
141-4.


