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Purpose: To evaluate DNA damage markers and the antioxidant status of serum and aqueous humor in glaucoma patients.
Methods: Aqueous humor and serum samples were obtained at the time of surgery from 28 patients with glaucoma and
27 patients with cataracts. Total antioxidant status (TAS) and 8-hydroxy-2´-deoxyguanosine (8-OHdG) levels of all
samples were determined by spectrophotometric and enzyme-linked immunosorbent assay methods.
Results: Aqueous levels of 8-OHdG were higher in glaucoma patients than in the cataract group (4.61±2.97 ng/ml versus
1.98±0.70 ng/ml, p=0.002). Serum levels of 8-OHdG were also higher in glaucoma patients than in the cataract group
(17.80±8.06 ng/ml versus 13.63±3.54 ng/ml, p=0.046). The TAS levels of serum (0.55±0.13 mmol/lit versus 0.70±0.14,
p=0.001), and aqueous humor (0.23±0.13 mmol/lit versus 0.34±0.15, p=0.001) in glaucoma patients were lower than in
cataract patients.
Conclusions: Our findings provide evidence that oxidative DNA damage increases and TAS decreases in the serum and
aqueous humor of glaucoma patients. These findings support the hypothesis that the formation of reactive oxygen species
and/or a decrease in TAS may have an important role in the pathogenesis of glaucoma.

Glaucoma is an insidiously progressive optic neuropathy
which affects nearly 90 million people worldwide, and is the
leading cause of irreversible blindness [1-3]. Funduscopic
examination of the glaucomatous retina reveals characteristic
excavation of the optic nerve head (ONH) with concomitant
visual field defects [4]. It has been shown that the retinal
ganglion cells (RGCs), which may die through an apoptotic
process, lead to glaucomatous optic neuropathy [5-7]. In
addition to elevated intraocular pressure (IOP) [8,9], retinal
ischemia [10,11], nutritional status [12], and oxidative stress
have been proposed as etiologic factors in the
pathophysiology of glaucomatous RGC death [13-16].
Oxidative stress induced through the formation of multiple
reactive oxygen species including superoxide (O2¯), hydrogen
peroxide (H2O2), and hydroxyl radicals (OH) can initiate and
propagate free radicals (FR) [17,18]. When FR levels increase
and antioxidant defenses are insufficient, health problems
may occur [19-21]. The net oxidative burden between these
opposing pro-oxidant and antioxidant systems is the oxidative
stress that damages lipids, proteins and DNA, culminating in
cell death [22].
Oxidation of DNA is known to generate adducts of base
and sugar groups, single strand and double-strand breaks in
the backbone, and cross-links to other molecules. Among
more than 20 known products resulting from DNA oxidation,

8-hydroxyl-2´-deoxyguanosine (8-OHdG) is easily quantified
and commonly used to assess oxidative damage to DNA
[23-27].
Recently, it has been demonstrated in vivo in humans that
oxidative damage to DNA is significantly more abundant in
the trabecular meshwork cells of glaucoma patients.
Moreover, it has been shown in vivo in humans that both
increased IOP and visual field damage are significantly
related to the amount of oxidative DNA damage affecting TM
cells [28,29].
Aqueous humor is known to contain several active
oxidative agents, such as hydrogen peroxide and superoxide
anion [30]. Both glutathione and ascorbate have been detected
in aqueous humor. These antioxidants seem to play a
particularly important role in glaucomatous disease [18]. The
antioxidant status of biologic samples is regarded as an
indicator of oxidative stress, and the measurement of TAS is
one of the most commonly used and useful procedures to test
for prediction of oxidative status [13]. To asses disturbance of
the pro-oxidant/antioxidant balance, we evaluated the levels
of 8-OHdG as an index of DNA oxidative damage and TAS
as an predication index of oxidative status, as well as their
correlations in the serum and aqueous humor of glaucoma
patients.
The aim of the present study was to measure the DNA
damage marker (8-OHdG) and the antioxidant status of the
aqueous humor and serum in patients with glaucoma, and
compare these with a control group. We also measured IOP
and visual field indices such as mean deviation, pattern
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standard deviation, and cap to disc ratio in glaucoma patients,
to explore whether there is any statistical correlation between
the severity of disease and visual field defects and oxidative
stress.

the laboratory to run the assays. Blood samples were obtained
after overnight fasting one day before surgery. Serum samples
were frozen immediately and stored at −70 °C until needed
for analysis. All participants had normal renal and liver
function as assessed by plasma urea, creatinine, alanine
aminotranferase, and aspartate aminotransferase. Serum
levels of total cholesterol, triglyceride, high-density
lipoprotein cholesterol, and low-density lipoprotein
cholesterol were determined using commercial reagents with
an automated chemical analyzer (Abbott laboratories,
Chicago, IL).
8-OHdG: The concentration of 8-OHdG in serum and
aqueous humor was determined using an enzyme-linked
immunosorbent assay; (Serum 8-OHdG check; Japan Institute
for the Control of Aging, Shizuko, Japan). In brief, the anti-8OHdG monoclonal antibody and the sample or standard were
added to a microtiter plate precoated with 8-OHdG. An
enzyme-labeled secondary antibody was used as a detection
antibody.
Total antioxidant status (TAS): The TAS of samples was
measured by spectrophotometric assay with a Randox total
antioxidant status kit (LOT: 115813). In this method,
incubation of 2,2´-azino-di(3-ethylbenzthiazoline sulfonate),
ABTS, with a peroxidase (metmyoglobin) results in
production of the radical cation ABTS+. This species is bluegreen in color and can be detected at 600 nm. Antioxidants in
the added sample inhibit this color production in proportion
to their concentration.
Statistical analysis: We used SPSS for Windows 13.0 (SPSS
Inc., Chicago, IL). Data are presented as percentages and
mean values ±SD. The independent t-test, Mann–Whitney U
test, and logistic and regression tests were used as appropriate
to assess the significance of differences between the two
groups. Correlations between variables were evaluated using
the Spearman test. In this study p≤0.05 was considered
significant.

METHODS
Study population: This prospective cross-sectional study was
performed from September 2008 to May 2009 in the
Glaucoma Service of Nikokari Eye Hospital in Tabriz, Iran.
Ethical approval was obtained from the Medical Ethics
Committee of Tabriz University of Medical Sciences and
written informed consent was received from all patients
according to the tenets of the Declaration of Helsinki.
A total of 28 glaucoma patients and 27 cataract patients
who were programmed for either glaucoma or cataract surgery
were recruited. The inclusion criteria were based on 40–80
years old patients having primary open angle or
pseudoexfoliative glaucoma or senile cataract. Both glaucoma
and cataract patients with any of the following criteria were
excluded: history of surgery, trauma, infection or
inflammation, and systemic pathologies such as diabetes,
renal and hepatic dysfunction, and uncontrolled hypertension
(systolic blood pressure ≥140 mmHg, diastolic blood pressure
≥90 mmHg) . None of the subjects were smokers, had special
diets, or were taking micronutrient supplements or antioxidant
vitamins, such as α-tocopherol or ascorbic acid.
Glaucoma patients had either primary open angle
glaucoma (n=15) or pseudoexfoliative glaucoma (n=13), and
were scheduled for glaucoma filtering surgery or a combined
procedure (phacotrabeculectomy). Among antiglaucoma
medications, timolol, latanoprost, and dorzolamide were the
most common drugs the glaucoma patients used before
surgery.
All the patients enrolled in the cataract group had senile
non-pathologic cataracts, did not have glaucoma, and were
scheduled for phacoemulsification. The mean age was
65.54±9.43 for the glaucoma group and 65.22±9.79 years for
the cataract group. All patients underwent a complete
ophthalmologic evaluation that included medical history, slit
lamp biomicroscopy, Goldmann applanation tonometry, and
funduscopy. Additionally, patients with glaucoma underwent
specific evaluation for glaucoma, such as gonioscopy and
standard automated perimetry (SAP). SAP was performed
with a Humphrey field analyzer HFA II (Carl Zeiss Meditec
Inc., Dublin, CA) using a 30–2 threshold program with a
standard Swedish interactive threshold algorithm (SITA)
strategy.
Sampling and primary tests: Aqueous humor samples (about
80 µl from each patient) were carefully collected at the
beginning of surgery through paracentesis using a 27-gauge
needle on a tuberculin syringe under an operating microscope,
taking special care to avoid blood contamination. Aqueous
humor was immediately cooled at −70 °C and transported to

RESULTS
Study Population: Fifty five patients, aged 40–80 years, were
enrolled according to the inclusion/exclusion criteria
mentioned. There were 28 patients with open angle glaucoma
and 27 with non-pathologic senile cataracts. Table 1
summarizes the demographic characteristics of the study
population. The two groups were matched for age and sex,
and there were no differences in total cholesterol, triglyceride,
high-density lipoprotein cholesterol, and low-density
lipoprotein cholesterol levels between the groups.
Glaucoma patients: Table 2 shows some ophthalmic
characteristics of the glaucoma patients. As indicated, there
were no significant differences in clinical characteristics
between the two subgroups; therefore all glaucoma patients
were considered to be one group.
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TABLE 1. DEMOGRAPHIC DATA FOR GLAUCOMA AND CATARACT PATIENTS.
Variable
Age (years)**
Sex
Male (%)
Female (%)
Lipid Profile**
TG (mg/dl)
TC(mg/dl)
HDL-C(mg/dl)
LDL-C(mg/dl)
Oxidative stress markers**
Serum TAS (mmol/l)
Aqueous TAS (mmol/l)
Serum 8-OHdG (ng/ml)
Aqueous 8-OHdG (ng/ml)

Glaucoma group (n=28)
66.54±9.43

Cataract group (n=27)
65.22±9.79

p-value*
0.86

53.57
46.43

51.80
48.20

0.80
0.79

187.7±80.5
220.0±69.6
48.8±8.4
159.96±50.9

173.4±103.4
208.8±53.1
49.0±10.3
126.7±45.1

0.25
0.80
0.29
0.81

0.55±0.13
0.23±0.13
17.80±8.06
4.61±2.97

0.70±0.14
0.34 ±0.15
13.63±3.54
1.98±0.70

0.001
0.001
0.46
0.002

*Glaucoma versus Cataract group. **Data are reported as Mean±SD. In the table, TG: Triglyceride; TC: Total Cholestrol; HDLCCT; High Density Lipoprotein Cholestrol; LDL-C; Low Density Lipoprotein Cholestrol; TAS: Total Antioxidant Status; 8OHdG: 8-hydroxy- 2′- deoxyguanosine.

TABLE 2. OPHTHALMOLOGIC CHARACTERISTICS OF GLAUCOMA PATIENTS EXPRESSED AS MEAN ±STANDARD DEVIATION.
Characteristics
IOP (mmHg) (preoperative)
Number of eye drops
Cup/Disc ratio
MD
PSD

POAG (n=15)
28.47±6.34
2.73±0.70
0.83±0.16
−19.10±13.17
6.06±3.19

PXG (n=13)
24.87±6.14
2.80±0.41
0.74±0.20
−21.61±6.87
6.53±2.46

p-value
0.48
0.90
0.29
0.06
0.58

Total
26.67±6.40
2.77±0.57
0.79±0.19
−20.36±10.41
6.30±2.81

POAG: Primary Open Angle Glaucoma; PXG: Pseudoexfoliative Glaucoma; IOP: Intraocular pressure; MD: Mean Deviation;
PSD: Pattern Standard Deviation.

8-OHdG: Aqueous levels of 8-OHdG were higher in
glaucoma patients (4.61±2.97 ng/ml) than in the cataract
group (1.98±0.70 ng/ml); p=0.002. Serum levels of 8-OHdG
in glaucoma patients (17.80±8.06 ng/ml) were also higher
than in the cataract group (13.63±3.54 ng/ml); p=0.046.

perimetric parameters in the glaucoma group. We found no
statistically significant correlations between these factors.
DISCUSSION
Although the pathogenic mechanism of glaucoma is not yet
fully clarified, recent studies have demonstrated that oxidative
damage constitutes an important pathologic step in inducing
and maintaining the degeneration of the trabecular meshwork,
optic nerve, and retinal ganglion cells [28].
Oxidative stress has been linked with cataracts for a long
time [30-32]. We therefore chose cataract patients as a
reference group to evaluate the oxidative stress in glaucoma
patients.
The literature shows inconsistent findings regarding
antioxidant activity in serum and aqueous humor in glaucoma
patients. Yildrim and colleagues studied 40 patients with
glaucoma and found no association between glaucoma and
systemic myeloperoxidase or catalase enzyme activity [33].
In contrast, Gherghel and colleagues [34] concluded that
glaucoma patients exhibit low levels of circulating

TAS: The TAS values for the serum (0.55±0.13 mmol/lit
versus 0.70±0.14, p=0.001), and aqueous humor (0.23±0.13
mmol/lit versus 0.34±0.15, p=0.001) were lower in glaucoma
patients than in cataract patients.
Correlations: The Spearman test showed good correlation
among 8-OHdG levels and TAS in the serum (r=-0.76;
p=0.00) and aqueous humor (r=-0.80, p=0.00) in glaucoma
patients.
As shown in Table 3, glaucoma patients showed
statistically significant correlation among serum and aqueous
levels of TAS (r=0.48, p=0.01), but no correlation between
serum and aqueous levels of 8-OHdG.
Table 4 presents the correlation between 8-OHdG and
TAS levels of serum and aqueous humor with clinical and
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TABLE 3. CORRELATIONS BETWEEN 8-OHDG AND TAS IN SERUM AND AQUEOUS HUMOR OF GLAUCOMA PATIENTS.
8-OHdGs
variable
8-OHdGs
8-OHdGa
TASs
TASa

r
−0.21
−0.77
−0.17

TASs

8OHdGa

p
0.29
0.001
0.40

r
−0.21
−0.20
−0.80

p
0.29
0.31
0.001

TASa

r
−0.77
−0.20
0.48

p
0.001
0.31
0.01

r
−0.17
−0.80
0.48
-

p
0.40
0.001
0.01
-

TASs: Total Antioxidant status of serum; TASa: Total Antioxidant status of aqueous; 8-OHdGs: 8-hydroxy- 2′- deoxyguanosine
of serum; 8-OHdGa: 8-hydroxy- 2′- deoxyguanosine of aqueous.

TABLE 4. SPEARMAN CORRELATION AMONG OPHTHALMOLOGIC VARIABLES OF GLAUCOMA PATIENTS.
TASs
Variable
MD
PSD
C/D ratio
Number of drops
IOP

r
−0.11
−0.07
0.7
−0.10
−0.11

TASa
p
0.55
0.72
0.69
0.60
0.56

r
−0.09
−0.16
−0.23
0.15
−0.01

8OHdGs
p
0.61
0.40
0.23
0.43
0.96

r
0.11
0.06
−0.00
0.29
0.02

p
0.95
0.76
0.98
0.13
0.91

8OHdGa
r
0.20
−0.09
0.04
−0.35
0.01

p
0.29
0.64
0.81
0.06
0.93

MD: Mean Deviation; PSD: Pattern Standard Deviation, C/D ratio: Cup to Disc ratio; IOP: Intraocular pressure; TASs: Total
Antioxidant status of serum; TASa: Total Antioxidant status of aqueous; 8-OHdGs: 8-hydroxy- 2′- deoxyguanosine of serum;
8-OHdGa: 8-hydroxy- 2′- deoxyguanosine of aqueous.

free radical attack [35,36]. A fairly significant correlation has
been demonstrated by Sacca et al. between oxidative DNA
damage in the human trabecular meshwork, increased
intraocular pressure, and visual field defects in glaucomatous
patients [37]. As far as we know, this is the first study to
measure the levels of 8-OHdG as a DNA damage marker in
the serum and aqueous humor of glaucoma patients. We found
that the level of 8-OHdG in the aqueous humor of glaucoma
patients was 2.1 fold higher than in the cataract group. In spite
of the high aqueous to serum value of this marker, there was
no statistically significant correlation between serum and
aqueous levels for this marker. The findings support the
hypothesis that in glaucoma the oxidative burden in the
anterior chamber may be overwhelming, compromising the
trabecular meshwork cells and their functions. This may be
due more to a faulty antioxidative defense system and
increased oxidative stress in the anterior chamber of
glaucomatous eyes than to a systemic insult, and indicates that
anterior segment structures are exposed to free radicals,
suggesting that localized oxidative stress may contribute to
the formation and development of glaucoma.
In contrast to the findings of Sacca et al. [37], no
correlation was found in the present study between clinical or
perimetric data and DNA damage markers in the serum and
aqueous humor of glaucoma patients. This may be due to a

glutathione, suggesting compromised oxidative defense. The
only study of total reactive antioxidant potential (TRAP) and
antioxidant enzymes in aqueous humor was performed by
Ferreira and colleagues, and showed significantly decreased
TRAP values and increased superoxide dismutase and
glutathione peroxidase activity in glaucoma patients [13].
In the present study, we found significantly lower TAS
levels in the serum and aqueous humor of glaucoma patients
compared with cataract patients. We also found a significant
correlation between aqueous and serum TAS levels in
glaucoma patients. Although the findings in the literature and
our study are contradictory, we think that the design and
method of this study allow us to make a comment regarding
this issue. Hence we speculate that decreased TAS levels may
play a role in the occurrence and progression of glaucoma. It
must be assumed that a decreased antioxidant capacity in
tissues and body fluid may be the consequence of long lasting
oxidative changes. For example, oxidative stress in the
anterior chamber in our glaucoma patients may be an ocular
manifestation of systemic disease. However, further
randomized studies are needed to clarify this relationship.
The main targets of free-radical chain reactions are
proteins, cell membranes, and DNA; particularly
mitochondrial DNA. Indeed, mitochondrial DNA is less
protected than nuclear DNA and therefore more sensitive to
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decreased sensitivity and specificity of this marker in the
serum and aqueous humor compared with trabecular
meshwork tissue. This effect may have been compounded by
the advanced stage of glaucoma in our patients, more than
70% of whom had a cup to disc ratio higher than 0.7.
A study by Zanon-Moreno et al. [38] showed a statistical
difference in oxidative stress levels between patients with and
without arterial hypertension. To eliminate this confounding
effect, patients with uncontrolled hypertension were excluded
from this study.
In the present study, the quantity and type of
antiglaucoma eye drop instillation was taken into
consideration. It has recently been suggested that topical
antiglaucoma might increase oxidative stress, leading to
programmed cell death. More than 90% of our glaucoma
patients had received a combination of Timolol and
Latanoprost before surgery. It has been suggested that
prostaglandin agonists may induce apoptosis, but it seems that
the effects are due more to the preservative benzalkonium
chloride than to the antiglaucoma drug [39]. Other studies
have also shown that timolol protects against free radicalinduced apoptosis because of its antioxidant potential [40].We
could find no correlation between the number of drugs and
DNA damage markers in glaucoma patients, which may be
due to the counterbalancing effect of the two main drugs most
of our patients had taken.
We also need to mention some limitations of our study to
guide future work. We firmly believe that glaucoma patients
without topical antiglaucoma medication constitute an ideal
study group, but could not include them due to ethical
considerations.
Liu and coworkers [41], in an in-vitro study on cultured
RGCs, demonstrated that oxidative stress is an early event in
hydrostatic pressure or IOP induced neuronal damage. In an
experimental rat study, Ozdemir and coworkers revealed that
moderate IOP elevation could increase the generation of
reactive oxygen species in the retina [42]. A further limitation
of our study is the possibility that the oxidative stress and
decreased antioxidant status observed may simply reflect
ocular tissue changes secondary to elevated IOP, as nearly all
of our patients were programmed for surgery due to high IOP.
In conclusion, the results support the belief that
glaucomatous damage is the pathologic consequence of
oxidative stress. An improved understanding of the role of
serum and aqueous humor antioxidant status in the
pathogenesis of glaucoma may change traditional glaucoma
treatment, which is not always effective in protecting the optic
nerve. Because of our assessment of oxidative stress and DNA
damage markers in the aqueous humor, we cautiously propose
that local damage in the anterior chamber occurs in glaucoma
patients. We also believe that antioxidant drugs may be an
option for these patients. However, further studies and clinical
trials are needed to advance our understanding of the

mechanisms of neuronal degeneration in glaucoma and find
more effective therapies.
ACKNOWLEDGMENTS
This work is part of a project supported by a grant from the
Drug-Applied Research Center (DARC) and the ViceChancellor for Research at Tabriz University of Medical
Sciences. We express our appreciation to all the patients.

REFERENCES
1.
2.

3.
4.
5.
6.
7.
8.
9.

10.

11.

12.
13.

14.
15.
16.

45

Tomarev SI. Eyeing a new route along an old pathway. Nat Med
2001; 7:294-5. [PMID: 11231625]
Wang N, Chintala SK, Fini ME, Schuman JS. Activation of a
tissue-specific stress response in the aqueous outflow
pathway of the eye defines the glaucoma disease phenotype.
Nat Med 2001; 7:304-9. [PMID: 11231628]
Weinreb RN, Khaw PT. Primary open-angle glaucoma. Lancet
2004; 363:1711-20. [PMID: 15158634]
Van Buskirk EM, Cioffi GA. Glaucomatous optic neuropathy.
Am J Ophthalmol 1992; 113:447-52. [PMID: 1558122]
Weinreb RN, Khaw PT. Primary open-angle glaucoma. Lancet
2004; 363:1711-20. [PMID: 15158634]
Sharma SC. Cell death in glaucoma. Arch Soc Esp Oftalmol
2000; 75:141-2. [PMID: 11151137]
Halpern DL, Grosskreutz CL. Glaucomatous optic neuropathy:
mechanisms of disease. Ophthalmol Clin North Am 2002;
15:61-8. [PMID: 12064082]
Krakau CE. Intraocular pressure elevation-cause or effect in
chronic glaucoma? Ophthalmologica 1981; 182:141-7.
[PMID: 7267002]
Bonomi L, Marchini G, Marraffa M, Morbio R. The relationship
between intraocular pressure and glaucoma in a defined
population. Data from the Egna-Neumarkt Glaucoma Study.
Ophthalmologica 2001; 215:34-8. [PMID: 11125267]
Findl O, Rainer G, Dallinger S, Dorner G, Polak K, Kiss B,
Georgopoulos M, Vass C, Schmetterer L. Assessment of optic
disk blood flow in patients with open-angle glaucoma. Am J
Ophthalmol 2000; 130:589-96. [PMID: 11078837]
Butt Z, O'Brien C, McKillop G, Aspinall P, Allan P. Color
Doppler imaging in untreated high- and normal-pressure
open-angle glaucoma. Invest Ophthalmol Vis Sci 1997;
38:690-6. [PMID: 9071223]
Veach J. Functional dichotomy: glutathione and vitamin E in
homeostasis relevant to primary open-angle glaucoma. Br J
Nutr 2004; 91:809-29. [PMID: 15182385]
Ferreira SM, Lerner SF, Brunzini R, Evelson PA, Llesuy SF.
Oxidative stress markers in aqueous humor of glaucoma
patients. Am J Ophthalmol 2004; 137:62-9. [PMID:
14700645]
Izzotti A, Sacca SC, Cartiglia C, De FS. Oxidative
deoxyribonucleic acid damage in the eyes of glaucoma
patients. Am J Med 2003; 114:638-46. [PMID: 12798451]
Levin LA, Clark JA, Johns LK. Effect of lipid peroxidation
inhibition on retinal ganglion cell death. Invest Ophthalmol
Vis Sci 1996; 37:2744-9. [PMID: 8977490]
Neufeld AH. Nitric oxide: a potential mediator of retinal
ganglion cell damage in glaucoma. Surv Ophthalmol 1999;
43:S129-35. [PMID: 10416755]

Molecular Vision 2011; 17:41-46 <http://www.molvis.org/molvis/v17/a6>

17. Erden M, Bor NM. Changes of reduced glutathion, glutathion
reductase, and glutathione peroxidase after radiation in guinea
pigs. Biochem Med 1984; 31:217-27. [PMID: 6721870]
18. Richer SP, Rose RC. Water soluble antioxidants in mammalian
aqueous humor: interaction with UV B and hydrogen
peroxide. Vision Res 1998; 38:2881-8. [PMID: 9797984]
19. Grüb M, Mielke J. Aqueous humor dynamics. Ophthalmologe
2004; 101:357-65. [PMID: 15067416]
20. To CH, Kong CW, Chan CY, Shahidullah M, Do CW. The
mechanism of aqueous humour formation. Clin Exp Optom
2002; 85:335-49. [PMID: 12452784]
21. Macknight AD, McLaughlin CW, Peart D, Purves RD, Carre
DA, Civan MM. Formation of the aqueous humor. Clin Exp
Pharmacol Physiol 2000; 27:100-6. [PMID: 10696536]
22. Valencia E, Hardy G, Marin A. Glutathione–nutritional and
pharmacologic viewpoints: part VI. Nutrition 2002;
18:291-2. [PMID: 11882411]
23. Dalle-Donne I, Rossi R, Colombo R, Giustarini D, Milzani A.
Biomarkers of oxidative damage in human disease. Clin
Chem 2006; 52:601-23. [PMID: 16484333]
24. Dizdaroglu M, Jaruga P, Birincioglu M, Rodriguez H. Free
radical-induced damage to DNA: mechanisms and
measurement. Free Radic Biol Med 2002; 32:1102-15.
[PMID: 12031895]
25. Griffiths HR, Moller L, Bartosz G, Bast A, Bertoni-Freddari C,
Collins A, Cooke M, Coolen S, Haenen G, Hoberg AM, Loft
S, Lunec J, Olinski R, Parry J, Pompella A, Poulsen H,
Verhagen H, Astley SB. Biomarkers. Mol Aspects Med 2002;
23:101-208. [PMID: 12079771]
26. Halliwell B. Effect of diet on cancer development: is oxidative
DNA damage a biomarker? Free Radic Biol Med 2002;
32:968-74. [PMID: 12008112]
27. Halliwell B, Whiteman M. Measuring reactive species and
oxidative damage in vivo and in cell culture: how should you
do it and what do the results mean? Br J Pharmacol 2004;
142:231-55. [PMID: 15155533]
28. Izzotti A, Bagnis A, Sacca SC. The role of oxidative stress in
glaucoma. Mutat Res 2006; 612:105-14. [PMID: 16413223]
29. Saccà SC, Izzotti A, Rossi P, Traverso C. Glaucomatous
outflow pathway and oxidative stress. Exp Eye Res 2007;
84:389-99. [PMID: 17196589]
30. Spector A, Garner WH. Hydrogen peroxide and human cataract.
Exp Eye Res 1981; 33:673-81. [PMID: 7318962]
31. Ottonello S, Foroni C, Carta A, Petrucco S, Maraini G.
Oxidative stress and age-related cataract. Ophthalmologica
2000; 214:78-85. [PMID: 10657746]

© 2011 Molecular Vision

32. Borchman D, Yappert MC. Age-related lipid oxidation in
human lenses. Invest Ophthalmol Vis Sci 1998; 39:1053-8.
[PMID: 9579487]
33. Yildirim O, Ates NA, Ercan B, Muslu N, Unlu A, Tamer L, Atik
U, Kanik A. Role of oxidative stress enzymes in open-angle
glaucoma. Eye (Lond) 2005; 19:580-3. [PMID: 15332106]
34. Gherghel D, Griffiths HR, Hilton EJ, Cunliffe IA, Hosking SL.
Systemic reduction in glutathione levels occurs in patients
with primary open-angle glaucoma. Invest Ophthalmol Vis
Sci 2005; 46:877-83. [PMID: 15728543]
35. de Grey AD. A proposed refinement of the mitochondrial free
radical theory of aging. Bioessays 1997; 19:161-6. [PMID:
9046246]
36. Balansky R, Izzotti A, Scatolini L, D'Agostini F, De FS.
Induction by carcinogens and chemoprevention by Nacetylcysteine of adducts to mitochondrial DNA in rat organs.
Cancer Res 1996; 56:1642-7. [PMID: 8603414]
37. Saccà SC, Pascotto A, Camicione P, Capris P, Izzotti A.
Oxidative DNA damage in the human trabecular meshwork:
clinical correlation in patients with primary open-angle
glaucoma. Arch Ophthalmol 2005; 123:458-63. [PMID:
15824217]
38. Zanon-Moreno V, Marco-Ventura P, Lleo-Perez A, PonsVazquez S, Garcia-Medina JJ, Vinuesa-Silva I, MorenoNadal MA, Pinazo-Duran MD. Oxidative stress in primary
open-angle glaucoma. J Glaucoma 2008; 17:263-8. [PMID:
18552610]
39. Sugiura H, Liu X, Togo S, Kobayashi T, Shen L, Kawasaki S,
Kamio K, Wang XQ, Mao LJ, Rennard SI. Prostaglandin E(2)
protects human lung fibroblasts from cigarette smoke extractinduced apoptosis via EP(2) receptor activation. J Cell
Physiol 2007; 210:99-110. [PMID: 16998801]
40. Izzotti A, Sacca SC, Di MB, Penco S, Bassi AM. Antioxidant
activity of timolol on endothelial cells and its relevance for
glaucoma course. Eye (Lond) 2008; 22:445-53. [PMID:
17293786]
41. Liu Q, Ju WK, Crowston JG, Xie F, Perry G, Smith MA,
Lindsey JD, Weinreb RN. Oxidative stress is an early event
in hydrostatic pressure induced retinal ganglion cell damage.
Invest Ophthalmol Vis Sci 2007; 48:4580-9. [PMID:
17898281]
42. Ozdemir G, Tolun FI, Gul M, Imrek S. Retinal oxidative stress
induced by intraocular hypertension in rats may be
ameliorated by brimonidine treatment and N-acetyl cysteine
supplementation. J Glaucoma 2009; 18:662-5. [PMID:
20010244]

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 4 January 2011. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.
46

