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Abstract

Purpose A growing evidence in the scientific

literature suggests that oxidative damage

plays a pathogenic role in primary open-angle

glaucoma. Therefore, it is of interest to

test whether drugs effective against

glaucoma display antioxidant activity. We test

the hypothesis that the classic b-blocker

therapy for glaucoma with timolol

involves the activation of antioxidant

protective mechanisms towards endothelial

cells.

Methods Oxidative stress was induced in

cultured human endothelial cells by iron/

ascorbate with or without timolol

pretreatment. Analysed parameters included

cell viability (neutral red uptake and

tetrazolium salt tests), lipid peroxidation

(thiobarbituric reactive substances), and

occurrence of molecular oxidative damage to

DNA (8-hydroxy-20-deoxyguanosine).

Results Oxidative stress decreased 1.8-fold

cell viability, increased 3.0-fold lipid

peroxidation and 64-fold oxidative damage to

DNA. In the presence of timolol, oxidative

stress did not modify cell viability, whereas

lipid peroxidation was increased 1.3-fold, and

DNA oxidative damage 3.6-fold only.

Conclusions The obtained results indicate

that timolol exerts a direct antioxidant activity

protecting human endothelial cells from

oxidative stress. These cells employ

mechanisms similar to those observed in the

vascular endothelium. It is hypothesized that

this antioxidant activity is involved in the

therapeutic effect of this drug against

glaucoma.
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Introduction

Although during glaucoma course, a low intra-

ocular pressure (IOP) does not contribute to the

progression of visual field damage, IOP increase

alone does not justify all the noticeable

alterations affecting the retinal ganglion cells in

glaucoma.1–3 It has been suggested that

mechanical and vascular factors, through the

induction of oxidative damage, lead to the same

final pathologic consequence by working

synergistically.4 The increase in oxidative DNA

damage in the cellular component of the

trabecular meshwork affects the architecture of

the extracellular matrix and the related IOP

regulation, leading to the clinical onset of

glaucoma.5,6 On the basis of these premises, the

anterior chamber of the eye can be regarded as a

highly specialized vascular compartment whose

inner walls are composed of the endothelia of

iris, cornea, and trabecular meshwork.7 From a

physio-pathological point of view, the

endothelial cells play an essential role in the

anterior chamber(AC) of the eye, as they do in

blood vessels.

Anterior chamber endothelial cells are

constantly in contact with free radicals, and are

endowed with antioxidant activities which

counteract the toxic effects of oxidative stress.

H2O2 may damage endothelial cells through

direct oxidation of lipids, proteins, and DNA or

it can act as a signal vs molecule to trigger

intracellular pathways, leading to cell death. It

has been demonstrated that in glaucomatous

AC there is a 57% increase in super oxide

dismutase(SOD) activity as compared with

unaffected controls.8 Moreover, AC endothelial

cells express the endothelial leukocyte adhesion

molecule-1 (ELAM-1), the earliest marker of

atherosclerotic plaque in the vasculature.

ELAM-1 is consistently present in trabecular

meshwork (TM) cells in the outflow pathways

of eyes bearing glaucoma.9
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Much evidence indicates that trabecular endothelial

cells play a fundamental role in the outflow of aqueous

humour from the anterior chamber to the Schlemm’s

canal.10 Trabecular meshwork pores contribute only 10%

of the aqueous outflow resistance.11

On the whole, these data indicate that the outflow

of aqueous humor is probably regulated through an

active mechanism.12 Thus, the tri-dimensional

architecture of human trabecular meshwork (HTM)

considerably increases the filtration surface, whose

degeneration, resulting in the decay of HTM cellularity,

causes IOP increase and triggers glaucoma

pathogenesis.13

Cellular senescence may also contribute to the increase

in aqueous humor outflow resistance and IOP increase

commonly associated with primary open-angle

glaucoma (POAG).14 The accumulation of senescent cells

has been proposed to contribute to the loss of tissue

function during aging,15 the constant exposure of TM

cells to an oxidative environment potentially

contributing to premature cellular senescence.16 Several

lines of evidence support the view that glaucomatous

damage is the pathological consequence of oxidative

stress, especially when the first line of antioxidant

defense weakens with age.17 Oxidative damage could

also explain the vascular damage associated with

glaucoma.18 In any case, it is well established that

oxidative stress is associated with arterial blood pressure

increase, which may cause endothelial dysfunction and

altered vascular reactivity.19

According to this view, it is conceivable that a drug

able to decrease IOP could also have a protective action

on endothelial cells.

In this paper, we explore the possibility that b-blocker

therapy of glaucoma with timolol could exert a protective

antioxidant action on endothelial cells. We focus our

attention on endothelial cells, and hypothesize that

endothelial cells belonging to the different tissues of the

whole anterior chamber (trabecular meshwork, iris,

cornea), which is akin to a vascular compartment, play a

fundamental role as a first line of interaction with the

aqueous humour. Accordingly, we used a well-

standardized endothelial cell line (HECV), which is

commonly used to evaluate the toxic effects of reactive

oxygen species, to test the antioxidant activities of

timolol.

Methods

Chemicals

Standard culture medium, foetal bovine serum, and

supplemented compounds were purchased from Sigma

Chemical Co. (St Louis, MO, USA). All other chemicals

and solvents were of analytical grade and were from

common commercial sources. Cell culture flasks and

plates were obtained from Costar (Cambridge, MA,

USA).

Cell culture conditions

The endothelial cell line HECV, provided by Cell Bank

and Culture in GMP (IST -Genoa, Italy), was maintained

at 371C in a humidified atmosphere with 5% CO2 as

monolayers in Dulbecco’s modified Eagle’s medium

supplemented with 7% (v/v) heat-inactivated foetal

bovine serum and 2 mM L-glutamine. The medium was

changed every 2 days, and when the original flask was

approximately 80% confluent, the cells were subcultured

in the 1 : 4 ratio by mechanical scraping. All cell cultures

were proved to be mycoplasma-free using the DNA

fluorochrome staining method with bis-benzymide dye

(Hoechst 33258). All the cultures were morphologically

checked each day. Total cell number was evaluated by

hemocytometer.

Cell treatments

HECV cells were seeded in 24-well plates at 105 cells/

well, to reach semiconfluence (80%) after 48 h. Solution of

FeSO4/ascorbic acid (Fe/Asc), solved in complete

medium and water respectively, was added to the

medium to achieve the final concentrations of 0.2 mM

(FeSO4) and 1 mM (ascorbic acid). Twelve hours after

seeding four plates, HECV cells were washed with warm

phosphate buffer saline (PBS) to remove detached cells

and catabolites. Then, one plate was untreated (control);

one was treated for 24 h with timolol only (0.5 mg/ml

complete medium/well) (timolol); one was exposed to

the pro-oxidant mixture (Fe/Asc) for the last 4 h of

culture; one, after pre-treatment with timolol for 20 h,

was exposed for 4 h to the pro-oxidant system

(timololþ Fe/Asc).

Cell viability assessment

Cell viability was tested before and after each treatment

by means of two tests: neutral red uptake (NRU) and

tetrazolium salt test (MTT), which respectively assess the

uptake of a hydrophilic dye (neutral red, NR) in the

lysosome machinery and the activity of the

mitochondrial respiratory chain. At each check point

time, experimental medium was removed and cell

cultures were washed twice with PBS, then the fresh

medium containing neutral red or tetrazolium salt was

added. The NRU cytotoxicity assay is a cell survival/

viability chemosensitivity assay, based on the ability of

viable cells to incorporate and bind neutral red, a
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supravital dye. NR is a weak cationic dye that readily

penetrates cell membranes by non ionic diffusion,

accumulating in lysosomes, where it binds to the anionic

sites of the lysosomal matrix. Cellular alterations

resulting in lysosomal fragility cause a decreased uptake

of NR. Cell monolayers were exposed to a neutral red

dye-containing medium (50 mg/ml) and processed

according to the method of Borenfreund and Puerner.20

After incubation for 3 h at 371C, cells were washed twice

in PBS and fixed according to the procedure described by

Riddel et al21 After 10 min at room temperature, the

absorbance of extracted neutral red dye was read at

540 nm in a Uniskan II microplate reader (Lab-Systems,

Helsinki, Finland).

The principle of evaluating cell viability by the MTT

cytotoxicity assay is the conversion of the tetrazolium salt

(MTT) to the coloured product formazan by viable cells,

as occurring in mitochondria. Cells were exposed for 3 h

to a tetrazolium salt-containing medium (500 mg/ml) as

described by Mosmann.22 Formazan dark-blue crystals

were dissolved by adding 1 N hydrogen

chloride:Isopropanol (1 : 24, v/v). The plates were left at

room temperature for 10 min and the absorbance

measured spectrophotometrically at 550 nm.

Determination of thiobarbituric acid-reactive substances

The determination of thiobarbituric acid reactive

substances (TBARS)23,24 is used as an index of membrane

lipid peroxidation. TBARS were measured both in the

experimental media and in cell monolayers, according to

the spectrofluorometric method of Iguchi et al25 with

minor modifications.26,27 Following the pro-oxidant

stimulus, 0.2% Triton X-100 was added to the whole

cultures (cell monolayers plus medium), after which 1 ml

of the lysate was mixed with a solution containing 0.38%

TBA in 15% trichloroacetic acid, 0.25 N HCl, and 0.01%

butyl hydroxytoluene. The tubes containing the mixture

were then placed in boiling water for 15 min and cooled

at room temperature. To extract TBARS, n-butanol was

added and the organic phase was separated by

centrifugation. TBARS were quantified by

spectrophotometry (lexc¼ 515 nm; lem¼ 552 nm) using a

LS5 Perkin-Elmer spectrofluorometer. The results were

expressed in TBARS equivalents, using 1,1,3,3-

tetraethoxypropane as a standard, and referred to the cell

number obtained from a parallel control culture.

Evaluation of oxidative damage to DNA

Oxidative damage to DNA was evaluated by detecting

8-hydroxy-20-deoxyguanosine (8-oxo-dG), the most

abundant oxidized nucleotide detectable in eukaryotic

cells.28 8-oxo-dG was analysed by trifluoracetic acid

enrichment, 32P-postlabelling, bidimensional thin layer

chromatography, and 32P-imaging, as reported

previously17,29,30 DNA-free samples were used as

negative controls. A reference standard of authentic

8-oxo-dG (Midwest Research Institute, National Cancer

Institute Chemical Repository, Kansas City, MI USA) was

used in each experiment.

Statistical analyses

Results are expressed as means7SEM and means7SD of

at least three independent experiments performed in

triplicate. Significance was assessed by one-way analysis

of variance (ANOVA) followed by Dunnet test or by

Student’s t-test.

Results

Cell viability and lipid peroxidation

HECV cell cultures were observed by phase-contrast

inverted microscopy at the end of treatments (Figure 1).

Standard cultures in the logarithmic phase showed a

bipolar shape and small cytoplasmic vacuoles

(Figure 1a). After 4 h of exposure to Fe/Asc,

morphological evidence of toxic effects was detected

(Figure 1b). After 24 h of exposure to timolol no

cytotoxic effects was observed (Figure 1c). No marked

alteration of the cellular morphology was observed

in case of association of timolol with pro-oxidant

stimulus (Figure 1d). Similar consideration can be

drawn in quantitative terms as evaluated by NRU test

(Table 1).

Lipid peroxidation measured as TBARS was increased

3.0-fold in the presence of the pro-oxidant stimulus

(Table 2). Timolol did not significantly influence lipid

peroxidation, whereas it was effective in protecting the

cells from the pro-oxidant stimulus (Table 2).

Oxidative damage to DNA (8-oxo-dG)

The presence of 8-oxo-dG was detected in all examined

samples as a radioactive spot of variable intensity

migrating in the upper part of the chromatographic area

(Figure 2). The oxidant treatment dramatically increased

64-fold the basal 8-oxo-dG levels (Table 3, first line;

Figure 2, upper-right panel). When administered alone,

timolol did not modify the basal 8-oxo-dG amounts as

compared to untreated cells (0.5570.12 vs 0.5170.10, not

significant) (Table 3; Figure 2, lower-left panel). Timolol

was quite effective in counteracting the oxidative DNA

damage induced by Fe/Asc, the 8-oxo-dG increase being

decreased from 64- to 3.6-fold only (32.6574.58 vs

1.9670.39, Po0.001) (Table 3; Figure 2, lower-right
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panel). As reported by Camoirano et al31 the

chemopreventive efficacy of timolol in counteracting

oxidative damage was calculated according to the

formula A�B/C�D� 100, were A, B, C, and D are 8-oxo-

dG levels in Fe/Asc-treated (A), untreated (B),

timololþ Fe/Asc-treated (C), and timolol-only treated

(D) cells. Accordingly, timolol was demonstrated to

inhibit 95.6% of the Fe/Asc-induced oxidative damage.

However, the 8–oxo-dG increase induced by Fe/Asc also

in the case of timolol pretreatment was still significantly

higher than those detected both in timolol-only-treated

cells (1.9670.39 vs 0.5570.12, Po0.01) and in untreated

cells (1.9670.39 vs 0.5170.10, Po0.01) (Table 3).

a b

dc

Figure 1 Human endothelial vascular cell line (HECV), as analysed by phase-contrast microscopy (� 100). (a) Untreated HECV cells
(control): the monolayer results in endothelial cells with heterogenous shape (polygonal, spindle, round) refracting the light. Cells
reveal a tight anchorage to the plastic support. (b) HECV cells after exposure for 4 h to Fe/Asc: the monolayer appears erratic; cells are
dramatically altered in their morphology being different in size (small, scanty, wrinkled) with marked cytoplasmic inclusions and
irregular borders; cells are irregularly grouped, and barely cohesive. (c) HECV cells after 24 h exposure to timolol: no evidence of
altered morphology; border are regular, cells cohesive, and size normal. (d) The association between timolol and Fe/Asc reverses the
marked cytotoxicity induced by Fe/Asc, cell morphology being normal.

Table 1 Viability of HECV cells after 24 h exposure to timolol
alone or in association with pro-oxidant stimulus as evaluated
by the NRU test

Pretreatment Pro-oxidant NRU (% viable cells)

None None 100
FeSO4/ascorbate

5677.4*
Timolol None 9872.1

FeSO4/ascorbate 9772.41

Abbreviations: HECV, Human endothelial vascular cell lines; NRU,

neutral red uptake.

Values are expressed as viability percentages and represent the mean-

s7SEM of 4 separate experiments run in triplicate.

*Po0.05 vs untreated cells; 1Po0.05 vs FeSO4/ascorbate-treated cells in

absence of timolol.

Table 2 Effects of pretreatment of HECV cells with timolol on
the levels of TBARS resulting from iron/ascorbate-induced lipid
peroxidation

Pretreatment Pro-oxidant
None FeSO4/ascorbate

None 5672.5 170713.4*
Timolol 6073.2 8079.11

Abbreviations: HECV, human endothelial vascular cell lines; TBARS,

thiobarbituric acid reactive substances.

Results are expressed as pmol of TBARS equivalents/105 cells. Data are

means7SEM of three separate experiments, run in triplicate.

*Po0.01 vs untreated cells; 1Po0.05 vs FeSO4/ascorbate-treated cells in

absence of timolol.
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Discussion

Timolol maleate is widely used as a topical b-adrenergic

blocking agent to lower IOP in glaucoma patients.32 This

drug decreases diurnal IOP by reducing the aqueous

humour flow,33 whose rate at night is about half of

daytime values.34 Accordingly, topical timolol has little

effect on night time aqueous humour outflow,35 whereas

twice per day administrations of timolol significantly

decreased IOP at night, albeit to a lesser degree than

during the day.36 This finding suggests that timolol

displays a different mechanism in decreasing IOP in

diurnal and in nocturnal periods.

Despite being used for many years, the precise

mechanism of action of timolol on aqueous humour is

not yet fully understood.37 In clinical studies, timolol has

been shown to have preservative actions in glaucoma,

hampering the progression of visual field damage, optic-

nerve disc cupping, and decreased retinal thickness.38,39

These results suggest that timolol, in addition to being an

ocular-hypotensive drug, also exerts neuroprotective

effects against neuronal damage. It has been

demonstrated that timolol displays a direct

neuroprotective effect in experimental models of retinal

injury and these protective effects are due in part to a

mechanism independent of its action as an ocular

hypotensive agent.40 Some authors deny the

neuroprotective effect of timolol;41 nevertheless, recent

studies support a potential neuroprotective effect of b-

blockers40,42 although to a lesser extent than other

molecules,43 thus suggesting that the neuroprotective

effect of timolol is possible, although in some way

controversial.

It has been proposed that timolol acts as a b-adrenergic

antagonist displaying a vasodilating activity mediated by

nitric oxide.41 The trabecular meshwork has been shown

to be composed of contractile elements, which regulate

the outflow facility.44 HTM is a complex dynamic organ

responding to vasoactive substances, including

vasoconstrictors, such as endothelins, and vasodilators,

such as nitric oxide(NO). A balance between

vasoconstrictors and vasodilators is necessary for the

maintenance of the physiological structure and function

of endothelia.45 Whenever the balance between

vasoconstriction and vasodilatation is disrupted, as in

glaucoma, the outcome is endothelial dysfunction and

injury, triggering the glaucomatous pathogenic cascade.46

The possibility that timolol excites vasodilatation

through NO production is questionable. It has been

demonstrated in an experimental rat model of elevated

intraocular pressure that high NO levels, synthesized by

the NOS-1 and -2 isoforms, contribute to the progressive

lesions of retinal ganglion cell axons; NO reduction after

treatment with timolol, therefore, suggests a possible

neuroprotective effect of timolol in neurons exposed to

excessive amounts of NO.42 Conversely, NOS-2 synthesis

in glaucomatous optic neuropathy is not associated with

a significant change in the expression of NOS-2 in the

retina or optic nerve.47 Accordingly, it can be proposed

that timolol is devoid of vasodilating effect in the retinal

and in posterior ciliary arteries, although a similar

activity in other ocular compartments cannot be

excluded. This is because our experimental approach

Figure 2 Detection of 8-hydroxy-20-deoxyguanosine (8-oxo-dG)
by 32P-postlabelling and bi-directional thin-layer chromatogra-
phy in variously treated HECV cells. The origin (OR) of the
chromatography is located at the lower left corner. D1 develop-
ment was performed in 1.5 M formic acid, pH 1.5, from bottom
to top. D2 development was performed in 0.6 M ammonium
formate, pH 6.0, from left to right.

Table 3 Effects of pretreatments of HECV cells with timolol on
oxidative DNA damage (8-oxo-dG) resulting from iron/ascor-
bate oxidative stress

Pretreatment Pro-oxidant
None FeSO4/ascorbate

None 0.5170.10 32.6574.58***
Timolol 0.5570.12 1.9670.39 **;

111

Abbreviations: HECV, human endothelial vascular cell lines.

Results are expressed as 8-oxo-dG molecules/105 normal nucleotides.

Data are means7SD of three separate experiments.

**Po0.01 and ***Po0.001 vs untreated cultures; 111Po0.001 vs FeSO4/

ascorbate-treated cells in absence of timolol.
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focuses on endothelial cells represented by the widely

used HECV cell line well standardized in its

experimental applications, endothelial cells representing

pivotal elements of a variety of ocular tissues including

vessel, iris, and cornea.

A possible further mechanism of action of timolol is its

activity on NMDA receptors.48,49 It has been reported

that reducing agents upregulate NMDA receptor activity,

while oxidizing agents downregulate it by forming

disulfide bonds. By acting as an oxidant, NO may cause

S-nitrosylation of NMDA receptor, downregulating the

receptor activity.

We also hypothesize that endothelial cells represent an

important target for timolol, which could widen the

trabecular meshwork endothelial surface, thus increasing

the number of cells exposed to the aqueous humour, and

thereby favouring endothelial aqueous humour drainage

towards the Schelemm’s canal.

The purpose of the present study was to investigate

directly in cultured endothelial cells the antioxidant

capacity of timolol and to clarify whether or not this drug

displays any toxic effects on endothelial cells. Under our

experimental conditions, timolol was demonstrated to

act as an antioxidant, counteracting cytotoxic, and

oxidative effects of the Fe/Asc mixture without

displaying per se toxic or oxidative effect.

The antioxidant activity of timolol is likely to be related

to its metabolism involving the oxidation and hydrolytic

cleavage of its morpholine ring, which can be a target for

reactive oxygen species.

The lack of adverse effect is in line with in vivo studies

in pigs reporting that timolol does not affect the optic

nerve oxygen tension despite its lowering effect on IOP.50

The antioxidant activity of timolol was reported

previously in vitro in neutrophils, demonstrating direct

radical scavenging, inhibition of protein kinase C, and

neutrophil chemotaxis.51 In vivo, oxygen induced

rethinopathy in newborn rats was inhibited by timolol

treatment.52

Timolol also displays protective effects against the

neuronal damage induced by glutamate in rat retina,40

further confirming the antioxidant attitude of timolol

because glutamate exerts its cytotoxicity through

oxidative damage, as demonstrated in retinal ganglion

cells.53

The MTT test used under our experimental conditions

specifically evaluates mitochondrial function.

Mitochondria are known to be very sensitive to oxidative

stress conditions54 explaining the reported impairment of

mitochondrial functions associated with several

pathological states. Our results indicate that

mitochondria of endothelial cells are sensitive to

oxidative damage and timolol is effective in preventing

this alteration.

Many studies highlight the role of oxidative damage in

the pathogenesis of degenerative POAG1,55–57 and its

capacity of damaging not only HTM but also the optic

nerve head.58 HTMs of glaucoma-bearing patients

display increased level of oxidative damage as compared

to those of unaffected subjects,17 resulting in the

occurrence of histological and functional alterations,59

including cell shrinkage, chromatin condensation,

internucleosomal DNA fragmentation, and cell death.

Although the exact cause of cell death is still unclear, an

important role is likely to be exerted by apoptosis.60 It has

been also reported that glaucoma patients could be

genetically predisposed to an increased occurrence of

oxidative damage in HTM because of the deletion of the

glutathione S-transferase M1 gene, a pivotal antioxidant

activity.17,61–63

Our study suggests that the therapeutic effect of

timolol towards glaucoma is likely to be, at least in part,

related to its antioxidant activities. The results reported

herein indicate that also a validated b-blocker used in

glaucoma therapy exerts antioxidant activities able to

protect endothelial cells from oxidative damage in the

absence of adverse affect on cell function and viability.

Baudouin et al64 demonstrated both in experimental

model and glaucoma patients that preserved

antiglaucoma drugs induce significant inflammatory and

histopathologic changes in the ocular surface and in

deeper ocular structures . These toxic effects on the

ocular surface, can be in part explained by the presence

of benzalkonium chloride,65 an agent able to induce

apoptosis in conjunctival cells as a consequence of

reactive oxygen species production.66 Accordingly,

unpreserved timolol displays less toxicity than preserved

b-blockers towards human fibroblasts culture.67,68 In our

study, we used unpreserved timolol, which resulted to be

devoid of toxicity towards endothelial cells.

Our study, in agreement with Gomes and co-

workers,69 was opposed to Melena and Osborne

research,70 in which timolol was not found to reduce

significantly iron/ascorbate-induced lipid peroxidation

in rat brain homogenates.

However, the experimental conditions we adopted do

not provide a direct evidence that this protective

mechanism is exerted in vivo in glaucoma patients. Even

if being active on these endothelial cells this b-adrenergic

antagonist used topically could act on the AC like a

vasodilator. Therefore, similar to other vasodilators, it

could increase the intertrabecular meshwork spaces

(exposing other cells to the AC humour), protect the

endothelial cells (with antioxidant mechanism) and

diminish the pressure of the AC lumen (diminishing the

production of aqueous humour).

Of course, this is an in vitro and not in vivo study using

vascular and not HTM endothelial cells. Furthermore, the
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amounts of both oxidative damage and timolol exceed

those occurring under in vivo conditions.

Therefore, further studies are needed to demonstrate

that timolol displays antioxidant properties in vivo in the

anterior chamber of the eye. The study of the possible

antioxidant effects of timolol primary culture and more

complex ocular structures will be the objective of future

studies to be considered after the positive results

provided by the presented study. In fact, our results

provide evidence that timolol, in addition to be an

effective and important agent for the reduction of IOP in

glaucoma therapy, displays antioxidant activity, thus also

supporting the hypothesis that the production of reactive

oxygen species represents an important pathogenic

element of the glaucoma cascade.
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62 Izzotti A, Saccà S. Glutathione S-transferase M1 and its

implication in glaucoma pahogenesis: a controversial

matter. Exp Eye Res 2004; 79: 141–142.
63 Yildirim O, Ates NA, Tamer L, Oz O, Yilmaz A Atik U,

Camadeviren H. May glutathione S-transferase M1

positivie genotype afford protection against primary open

angle glaucoma? Graefes Arch Clin Exp Ophthalmol 2005; 243:

327–333.
64 Baudouin C, Pisella PJ, Goldschild M, Becquet F, De Saint

Jean M, Bechetoille A. Ocular surface inflammatory changes

induced by topical antiglaucoma drugs: human and animal

studies. Ophthalmology 1999; 105: 556–563.
65 Young TL, Higginbotham EJ, Zou X, Farber MD. Effects of

topical glaucoma drugs on fistulized rabbit conjunctiva.

Ophthalmology 1990; 97: 1423–1427.

Antioxidant activity of timolol
A Izzotti et al

452

Eye



66 De Saint Jean M, Brignole F, Bringuier AF, Bauchet A,
Feldmann G, Baudouin C. Effects of benzalkonium
chloride on growth and survival of Chang
conjunctival cells. Invest Ophthalmol Vis Sci 1999; 40:
619–630.

67 Debbasch C, Brignole F, Pisella PJ, Warnet J-M, Rat P,
Baudouin C. Preservatives’ contribution in oxidative stress
and apoptosis on Chang conjunctival cells. Invest
Ophthalmol Vis Sci 2001; 42: 642–652.

68 Debbasch C, Pisella PJ, De Saint Jean M, Rat P, Warnet JM,
Baudouin C. Mitochondrial activity and glutathione injury

in apoptosis induced by unpreserved and preserved beta-
blockers on Chang conjunctival cells. Invest Ophthalmol Vis
Sci 2001; 42: 2525–2533.

69 Gomes A, Costa D, Lima JL, Fernandes E. Antioxidant
activity of beta-blockers: an effect mediated by scavenging
reactive oxygen and nitrogen species? Bioorg Med Chem
2006; 14: 4568–4577.

70 Melena J, Osborne N. Metipranolol attenuates lipid
peroxidation in rat brain: a comparative study with other
antiglaucoma drugs. Graefe’s Arch Clin Exp Ophthalmol 2003;
241: 827–833.

Antioxidant activity of timolol
A Izzotti et al

453

Eye


	Antioxidant activity of timolol on endothelial cells and its relevance for glaucoma course
	Introduction
	Methods
	Chemicals
	Cell culture conditions
	Cell treatments
	Cell viability assessment
	Determination of thiobarbituric acid-reactive substances
	Evaluation of oxidative damage to DNA
	Statistical analyses

	Results
	Cell viability and lipid peroxidation
	Oxidative damage to DNA (8-oxo-dG)

	Discussion
	References


