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ANASTASIOS P. COSTARIDES 

Regulation of Hydrogen Peroxide in the Anterior Segment of the Eye: 

Interplay Between Ascorbate, Catalase and the Glutathione Redox System. 

(Under the Direction of KEITH GREEN, Ph.D., D.Sc.) 

The experiments performed in the present study examined the 

mechanisms regulating the concentration of hydrogen peroxide (H
2
o

2
) in 

the· aqueous humor and ascertained the toxic effects of this oxidant on 

the corneal endothelium. Hydrogen peroxide is a normal constituent of 

the aqueous humor and·a _potent catara.ctogenic agent. The tissues 

surrounding the anterior chamber ,contain both catalase and the 

components of the glutathione redox systemo Both systems are capable of 

metabolizing H2o2• 

Specific inhibitors of both peroxide metabolizing systems were 

utilized to ascertain the relative roles of catalase and the glutathione 

redox system in regulating the concentration of anterior chamber H
2
o

2
• 

A dose response relationship was s1:iown between intravenous (i.v.) 

3-aminotriazole (3-AT) and catalase activity·in ocular and systemic 

tissues of adult rabbits. A 1.5 g/kg body weight dose of i.v. 3-AT 

reduced catalase activity in the iris, ciliary processes, corneal 

endothelium, liver and lung by 71%, 53%, 58%, 95% and 79%, respectively. 

Buthionine sulfoximine (BSO) and 1,3-bis-(2-chloroethyl)-1-riitrosourea 

(BCNU) were used to_ alter different components of the glutathione redox 

system. Intravitreal BCNU (3.0 mg) lowered glutathione reductase · 

activity in ,the iris and ciliary processes by 79% and 68.%, respect_ively, 

but did not alter the total glutathione level in the·iris-ciliary. body~ 

Intravitreal BSO (LO to 4. 0 mg), an irreversible inhibitor o.f 
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y-glutamylcysteine synthetase, decreased the total glutathione content 

of the iri~-ciliary body, corneal endothelium and the aqueous humor by 

84%, 66% and 71%, respectively. 

Various experiments were performed to delineate the factors which 

regulate the concentration of aqueous humor H2o2 .. Since a relationship 

was previously shown between.the levels of aqueous humor ascorbate and 

H2o2 , it was imperative to quantify the concentration of aqueous humor 

ascorbate when measuring aqueous peroxide. Intravenous 3-AT had no 

significant effect on either ascorb~te of H2o
2 

levels. Conversely, oral 

administration of an 0.2% 3-AT solution to pigmented rabbits for 43_ days 

produced a 58% reduction in the concentration of aqueous H2o2 and a 76% 

reduction·in ~he aqueous humor ascorbate level. This 3-AT mediated 

suppression of both ascorbate and H
2 
o

2
, h.ow~ver, was reversed by 

intraperitoneal injections of ascorbate (200 mg). A direct correlation 

between the concentrations of aqueous humor ascorbate and H2o2 was 

shownm Intravitreal BSD produced a dose-dependent reduction of aqueous 

humor ascorbate with a maximum suppression of 53%. This treatment, 

however, did not significantly alter the aqueous humor H
2
o

2 
level. 

Suppression of anterior segment tissue glutathione reductase activity 

with intravitreal BCNU did not alter the-concentration of either aqueous 

hunior_,_as.corbate or 'H-202• 

Intracameral injections of 10 µl of either 10 mM, 25 mM or 50 mM 

H
2
o

2 
were pe_rformed in untreated, BSD pretreated and 3-AT- pretreated 

pigmented ral?bits to further delineate thE: mechanisms contr.olling the 

concentration _of· anterior chamber H
2
o

2
. The t½ for the disappearance of 

H
2
o

2 
from th_e anterior chamber .was used as a quantitative measure in 

these exper~ments. Reduction of catalase activity and suppression of 
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total glutathione levels in anterior segment tissues separately 

increased the t½·for the loss of H
2
o2 from the anterior chamber. For 

the 10 mM peroxide injection (extrapolated zero time concentration of 

approximately 0.3 mM)., BSO pretreatment increased. the t½ by 77%, while 

pretreatment with 3-AT increased it by only 40%. With both the 25 mM 

H2o2 (zero time concentration of approximately 0.7 mM) and the 50 mM 

Hz° 2 (zero time concentration of approximately 2.1 mM) injections, 

however, 3-AT had a.greater effect than BSOo The t½ values after 3-AT 

pretreatment were.61% and 135% greater than control values at.the 25 mM. 

and SO mM peroxide concentrations, respectively; those after BSO 

pretreatment were at 14% and 78%, thereby indicating a more significant 

role for catalase at greater peroxide levels. 

The toxic effect~ of intracameral H
2
o

2 
on the corneal endothelium 

were also ascertained with·transmission electron microscopy. The 

intracameral administration of 10 µl of lff mM·H20
2 

in the presence of 

3-AT did not produce any significant changes in corneal endothelial 

morphology. Pretreatment with intravitreal BSO· at this concentration of 

H2o2 produced cellular swelling and minor disturbances ot' the apical 

membrane. More severe pathological changes were observed iµ. the corneal 

endothelium foliowing the intracam~ral administration of 10 µl of 25 mM 

H2o
2

• The most prqminent morphological change was vacuole formation. 

Reduction of catalase activity with 3-AT did not accentuate the damage 

produced by H2o
2 

alone. Pietreatment with BSO, at this d6se of H
2
o

2
, 

however, produced dramatic dysmorphic changes with large vacuole 

formation and disruption of both apical and basal endo.thelial membranes. 

The data from this study suggests: 1) that the source :of aqueous 

humor H2o
2 

is aqueous humor ascorbate; 2) that the. glutathione iedox 
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system plays a·· greater role in· metabolizing anterior chamber H
2
o

2 
at low 

to moderate concentrations of H2o
2

, while catalase assumes a more 

prominent role at higher H2o
2 

levels; and 3) that the glutathione iedox

system is more important than catalase in maintaining the integrity of 

the corneal endothelium with the peroxide concentrations utilized in 

these experiments. 
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INTRODUCTION 

A. Statement of the Problem. 

The production of reactive oxygen species which damage biological 

systems is often referred to as "oxidative stress" ·(Sies, 1985). There 

is increasing evidence that oxidative stress plays a role in a-wide 

array of pathological conditions including liver disease, radiation 

damage, acut·e and chronic inflammatory states, drug toxicity, 

alcoholism, ischemia-reperfusion injury, arthritis, _atherosclerosis, 

some types of tumor promotion and chemical carcinogenesis, and aging 

(Slater, 1986). Oxidative stress is also an area of major significance 

in ocular pathology. It has been recognized for a number of years that 

oxidants play a potential role in retinal degeneration and cataract 

development (Mittag, 1984). Recent studies have attempted to link the 

changes that occur in the trabecular meshwork during oxidative stress 

with those found during aging and primary open-angle glaucoma (Polansky 

et aL, 1984}. Additionally, studies have been undertaken to assess the 

effect of oxidative stress on corneal endothelial function (Hull et al., 

1981). 

The oxidant which has received the greatest attention with regard 

·to its potential role as a mediator of oxidative insult to anterior 

segment tissues is hydrogen peroxide (H
2
0

2
). ·Hydrogen peroxide, at a 

.... concentration of 30-85 µM, is·· a normal constituent of aqueous· humor and 

a potent cataractogenic agent (Spector and Garner, 1981). The rabbit 

lens, in vitro, has ~een reported to be able to effectively detoxify 

H2o2 _ over a. range_ pf .. conceutrations up to 60 µM. Beyo.nd 60 µM, changes· 

opcurred in the lens- which were indi~ative · of oxidative damage (Giblin · 

· ahd: Mccready, 1,983) ~ It· should be noted. that the normal aqueous humor 
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H2o2 concentration quantified in this laboratory.is approximately 30 l-lM 

(Giblin et al., 1986). Additionally, studies in which rat lenses were 

incubated with 0.1 rnM and 0.2 rnM H2o
2 

demonstrated a relationship 

between the loss of glutathione and suppression of cation transport in 

lens epithelial cells (Fukui, 1976). It appears that H
2
o

2 
at levels 

slightly above those found in normal aqueous humor has harmful effects 

on the in vitro lens (Giblin and Mccready, 1983). Elevated le~els of 

H
2
o

2 
have been reported in the aqueous humor of some cataract patients 

(Spector an.cl Garner, 1981). 

Oxidative stress, as mediated by H
2
o

2
, may also play a role in 

reducing aqueous humor outflow facility. This latter event is 

associated with aging and the development of primary open-angle 

glaucoma, which occurs with increasing frequency during aging. A loss 

of trabecular cells and an alteration of their physiological function 

occurs with aging. These changes are greater in the inner layers of the 

trabecular meshwork adjacent to the anterior chamher, and in part, are 

associated with alterations in the cellular secretion of different 

glycosaminoglycans. This suggests that toxic substances in the aqueous 

humor, possibly H
2
o

2
, might contribute to alterations observed during 

aging and glaucoma (Polansky et al., 1984). Additi_cmally, H2o2 in the 

presence of inhibitors of the glutathione redox cycle has been reported 

to reduce aqueous humor outflow facility (a measure of the ease of fluid 

loss from the eye) in the calf eye perfusion system (Kahn et al., 1983). 

Hydrogen perbxide is also t~xic to the corneal endothelium in 

vitro .. In the absence of glucose,. severe damage can be produced.with 

the physiological concentration of 50 µM (Riley and Giblin, 1983). In 

the presence of 27.8 rnM glucos~, however, the threshold of toxicity is 
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increased to approximately 300 l-!M (Hull et al., 1981; Riley and Giblin, 

1983). Since aqueous H2o
2 

may be involved in initiating .or augmenting 

pathological changes in the anterior segment, it is of utmost importance. 

to delineate the mechanisms by which these tissu~s detoxify this 

chemical. 

It has been proposed that H2o2 is formed in the aqueous humor 

during the oxidation of ascorbic acid, which is normally present in the 

aqueous humor at 1. 0 mM (Giblin et al., 1984). Tissues surrounding the 

anterior chamber contain both catalase and components of the glutathione. 

redox system (Bhuyan and Bhuyan, 1977). -Both systems are capable of 

detoxifying H
2
o2• Aqueous humor, however, does not contain any catalase 

or glutathione peroxidase, but does contain 15 µM glutathione (GSH) 

(Riley et al., 1980). During suppression of anterior segment tissue 

catalase activity by 3-amino-lH-1,2,4-triazole (3-AT), a 2 to 3 fold 

increase in the level of aqueous H
2
o

2 
was reported (Bhuyan and Bhuyan, 

1977). This sugges·.ts that during maximal suppress'ion of catalase 

activity, the· glutathione redox. system is unable to maintain the aqueous 

H
2
o

2 
concentration in the physiological range. Other observations,· 

particularly in .the lens, have implicated the glutathione redox system 

as the primary mechanism for detoxifying H2o2 (Spector et al., 1987). 

Treatment with methyl mercury, a ·sulfhydryl binding agent, decreased 

lenticular glutathione levels and made the lens more susceptible to 

oxidative damage (Giblin e.t al., 1982). Inhibition of glutathione 

reductase, by 1,3-bis-(2-chloroethyl) -1-nitrosourea (BCNU), in the 

presence of 60 l-!M H
2
o

2
_resulted in a reduction in the level of GSH, 

decreased Na,K,ATPase activity, and a·loss of the H2o2-rriediated 

stimulation of the hexose monophosphate shunt. The inhibition of 
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glutathione reductase by ~CNU, however, did not alter the rate of H
2
o

2 

disappearance from the medium in which the lens was incubated (Giblin 

and McCre~dy, 1983)~ 

The present studies were undertaken to characterize the factors 

which regulate endogenous levels of aqueous H2o2 as well as to ascertain 

the threshold of toxicity of this compound to anterior segment tissues 

in vivo. Experiments were performed to assess the relative roles of 

aqueous ascorbate, tissue catalase, and the glutathione redox system in 

regulating endogenous levels of aqueous H
2
o

2
• Additionally,_ studies 

were undertaken to ascei;-tain ~he relative.roles of catalase and the 

gluta.thione redox system in clearing various elevated levels of 

intracamerallyadm.inistered H
2
o

2 
from the anterior chamber and 

protecting anterior segment tissues from .this .oxidative insult. 
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B. Literature Review. 

1. Univalertt reduction of molecular oxygen. 

Oxygen (0 2) is necessary for aerobic life. Its reactions with most 

elements are favored·. thermodynamically, but usually occur very slowly in 

the absence of a catalyst. The kinetic inertness of o
2 

is based upon 

its electronic configuration. In molecules, electrons are usually 

present in pairs s·tabilized by spins in the opposite direction. When an 

electron· is unpair_ed, the mole.cule is in ~ highly reactive state and 

. described as a free r·adical. Mol.ecula.r ·oxygen is unusual in that it is 

. a· diradical · in its. ground state and is called triplet oxygen. Two· of 

its valence electrons are unpaired, located in different orbitals, and 

have parallel spins·. During oxidation reactions, triplet o2 oxidizes 

another molecule by accepting its electrons. In nonradical mediated 

reactions, the acceptance by o
2 

of an electron pair is unfavorable since 

inversion of spin is necessary to fill both of its half-filled orbitals. 

This barrier to electron transfer is the basis for the low reactivity of 

o2 (Klebanoff, 1988) •. 

The reactivity of o
2

, however., can be increased by reduction. 

Approximately 98% of all o2 utilized by mammalian cells enters the 

mitochondria where·0
2 

serves as the terminal electron acceptor in the 

oxidative process that produces ATP (Grisham and McCord, 1986).· This 

controlled tetravalent reduction of o
2 

to H20 by cytochrome oxidase

reduces the possibility that partially reduced forms 6f o2 will be 

produced. The incomplete reduction of o2 , however, occurs as· a 

consequence of normal·and pathological metabolism (Chance et al., 1979). 

These reactive, partially re.duced forms of o2 include the superoxide 

anion radical (0 2T), hydrogen peroxide (H202) and the hydroxyl radical. 
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(.OH). ·The mechanism "tor the successive univalent reduction of oxygen 

is as follows (Grisham and McCord, 1986): 

o
2 

+ e ---> o
2

T (superoxide anion radical) 

o
2 

+ 2e- + 2H+ ---> H
2
9

2 
(hydrogen peroxide) 

o2T + H2o2 + H+ ---> o
2 

+ e
2
o + ·oH (hydroxyl radical) 

' + o
2 

+ 4e + 4H ---> 2H
2

0 (water) 

Fig. 1 . 
Univalent reduction of molecular.oxygen to water. 

The superoxide anion radical is in equilibrium with its protonated 

. form, the perhydroxyl radical (H02 ·). The pka for the dissociation

reaction is .4.88 (Klebanoff, 1988). 

Ho2· -----> o2T + H+ 

Therefore, at physiological pH o
2

T is the predominant species. In a 

physiological setting, however, superoxide is unstable with a lifetime 

of milliseconds •. When two molecules of o
2

T interact, one is reduced and 

the other oxidized to- produce.H2o2 .and o2 by the following reaction 

(Lavelle et al., 1973): 

2 0. + 2 H+ --->HO + 0 
2 2 2 2 

The-rate constant for this dismutation reaction is 2 x 105 M-l sec-l- at 

pH 7.4. Thus, the production of.02T in vivo is always accompanied .by 
. .. . 

the prbduction of H2o2 (Grisham and McCord, 1986)~_ 

Major sources of the superoxide anion radical in·cells include ·the. 

electron transport chains of the endoplasmi~ reticulum and mitochondiia, 

as well as the membrane bound NADPH dependent oxidase of phagocytes and 
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other specialized cell types (Hornsby and Crivello, 1983). Superoxide 

is a relatively weak oxidant. It oxidizes only a few compounds 

including. ascorbate and sulfhydryl compounds. It is, however, a good 

reducing agent with the capa6ity to reduce cytochrome C, methemoglobin, 

and complexes containing ferric iron (Grisham and McCord, 1986). 

Superoxide does not indiscriminately react with other compounds and may 

not be the terminal mediator of toxicity to·tissues. It reacts 

sluggishly with amino acids and carboxyiic acids (Bielski and Richter, 

1977; Bielski and Shiue, i979). Studies, however, have shown o·T to 
2 

directly inactivate specific emzymes necessary for life including 

glyceral_dehyde-3-phosphate dehydrogenase and · lactate dehydrogenase bound 

to NADH (Kellog and Fridovich, 1977). Additionally, the reactivity of 

o
2

-:" is , increased in nonpolar environm_ents such as in the hydrophobic 

regions of the plasma· membrane where pr,otons are not as readily 

available for the distnutation reaction (Klebanoff, 1988). 

Hydrogen peroxide is a strong oxidant, but stable in the absence of 

transition metals, such as .iron and copper.· It has the capacity to sever 
. . 

the DNA backbone and oxidize sti,lfhy_dryl compounds. These reaction 

rates, however; are slow compared with other_ oxidants (Grisham·and 

McCord, 1986 ). . Hydrogen peroxide usually permeates cell membranes in an 

unreacted state. Permeability constants of 0.2 cm/min for peroxisomal 

membranes and 0.04 cm/min for erythrocyte ·plasma membranes are 

comparable to those of water (Chance et al., 1979). 

Intracellular sources of a
2
o

2 
include the mitochondria, microsomes~. · 

peroxisoriles and cytosolic enzymes. In rat liver.these cellu-lar 

compartments pr.educe 1_5%, 45%_, 35%. and 5%, respectively, of the Ii2o2 

produced intracellularly .. Peroxisomal enzymes including D-amino acid 
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oxidase~ L-a-hydroxyacid oxidase and fatty acyl CoA oxidase, produce 

tt
2
o

2
. Microsomal membranes produce H

2
o

2 
when supplemented with NADH or 

NADPH. Cytosolic enzymes such as xanthine oxidase, aldehyde oxidase- and 

superoxide dismutase all produce H2o
2

• The peroxide produced by 

mitochondria is linked to the respiratory chain and is formed primarily 

by the dismutation of the superoxide anion rad-ical. Intracellular 

levels of H2o2 .are estimated to range from 10-9 M to 10-7 M. This 

nontoxic -level of H
2
o

2 
is maintained by glutathione peroxidase and 

peroxisomal C:atalase • (Chance et aL, 1979) •. 

It has been_ postulated that o
2

T and H
2
o

2 
act pr.imarily as 

precursors to more toxic agents. The devastatingly reactive hydroxyl 

radical, 0 0H, is t_he niost toxic product of the interaction- of o
2 

T and 

H2o2 . Superoxide and H2o2 can react with certain transition metals or 

metal chelates to produce the hydroxyl radical by the following 

reactions (Grisham and McCord, 1986): 

Fig. 2 

Iron-catalyzed Haber-Weiss reaction. 

This group of reactions is called the iron-catalyzed Haber-Weiss 

reaction. Some physiologically relevant compounds which contain.iron 

and produce "QH in the_presence of 02T and H202_include hemoglobin, 
.. . .. ' 

. lactofer.rin, transfetin and ferriti~ .. (Sadrzaheh et al., 1984 ;· Ambruso 

and Johnston, ·1981; _ Thomas et al., 1985; Motohashi and Mori,_ 1983) .. 
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Lactoferrin, derived from human neutrophils, has been reported to 

catalyze the production of "OH from o
2

T and H
2
o

2 
and to do so 5000 times 

more efficiently than Fe-EDTA (Ambrusoand Johnston, .1981). The 

hydroxyl radical is the most reactive free radical in living systems. 

Its rate of reaction with most compounds appr?aches diffusion limited 

reaction rates (Grisham and McCord, 19B6). The cytotoxic;ty ·of "OH may 

be mediated by membrane lipid peroxidation, oxidation of protein 

sulfhydryl groups or destruction of DNA (Fridovich, 1976). 

9 



2. Antioxidant defe-nse systems. 

Since harmful reactive metabolites of oxygen are products of 

aerobic metabolism, an elegant system of defenses including both. 

antioxidant enzymes and_ nonenzymatic free radical scavengers have 

evolved. The enzymatic protectors include the superoxide dismutases, 

catalase and glutathione·peroxidase. Some nonenzymatic antioxidants 

include reduced glutathione (GSH), ascorbate,' a.-tocopherol, S_-carotene 

and vitamin A (Grisham and McCord, 1986). 

Superoxide dismutases (SOD) are metalloproteins which catalyze the 

dismutation of 2 o
2

T to H
2
o

2 
and o

2 
with a rate constant of 2 ~- 109 M-l 

-1 sec Three types of superoxide dismutas_es have been described. 

Iron-containing (FeSOD) and manganese-containing (MnSOD) superoxide 

dismutases are found in prokaryotic cellso Eukaryotic cells contain 

copper-zinc (CuZn) superoxide dismutase as well as MnSOD. On~y MnSOD is 

found in the mammalian mitochondrial matrix, whereas both CuZnSOD and 

MnSOD are found in the cytosol (Fridovich, 1982)'. 

Acting in concert with the superoxide dismutases to remove reactive 

oxygen metabolites are catalase and glutathione peroxidase. Glutathione 

peroxidase is a selenium-containing enzyme which catalyzes the reduction 

of H
2
o

2 
or hydropero~ides to H

2
0 or corresponding alcohols at the 

expense of-its specific reducing agent, GSH. The reduction of 

hydroperoxides is accompanied by the concomitant production of 

glutathione disulfide (GSSG) by the. following reaction (Meister and 

Anderson, 1983): 

LOOH + 2 GSH _.:__.:...) L-OH + H
2

0 +.GSSG 

(L = ligand) 

10 



The GSH can be regene~ated by th~ reduction of GSSG by glutathione 

reductase in the presence of NAD~H. supplied principally by the hexose 

monophosphate shunt. The reduction of H
2
o

2 
by glutathione peroxidase is 

therefore accompanied.by the oxidation of glucose-6-phosphate and• 

6-phosphogluconate which provide NADPH for glutathione reductase. The· 

glutathione redox system (Figure 3) is composed of g1utathione. 

peroxidase, glutathione reductase, GSH, GSSG and the hexose 

monophosphate shunt (Meister and Anderson, '1983). 

Glutathione Peroxidase 
·. 

2 GSH GSSG 

~ 
Glutathione Reductase 

' 

·NADP+ NADPH 

Figure 3. 
The Glutathione Redox Cycle. 

· The. tripeptide glutathione, L-y-glutamyl-L-cysteinylglycine, .is the 

most prevalent int·i"'acellular thiol and a major intracellular store of 

cy.steine. At a concentration of 0.5 to 10 rnM, it is usually the most. 

abundant low molecular weight peptide. The reductive capacity of its 

sulfhydryl group enables GSH to be involved in the synthesis and 

degradation of proteins, the formation of deoxyribonucleotide precursors 

of DNA, th~ regulation of enzymes, and protection againsi oxidative 

stress (Meister and Anders6n, 1983)~ Glutathione is also an essential:· 

cofactor for glutathione S.-transferases which conjugate GSH to a variety 

11 



of electrophilic acceptbr mole~ules. These electrophilic compounds 

includ~ halogenated and nitre acceptors, epoxides (including metabolites

of caicinogens), leukotriene A
4

, organophosphates and others. Thesi 

glutathione conjugates are degraded by.enzymes of the y-glutamyl.cycle 

which play a central role in their detoxification (Ross, 1988; Mehler,· 

1986). 

The y-glutamyl cycle ·_(Figure 4) is involved in the synthesis and· 

degradation of glutathione. There is evidence that this cycle operates 

in a variety of mammalian tissues including liver,· kidney, ciliary body 

and lens (Meister, 1974) • Glutathione is synthe·sized by_ successive 

reactions. of y-glutamylcysteine -:srnthetase and glutathione synthe_tase. 

The reaction catalyzed by y-glutamylcysteine synthetase is 

feedback-inhibited by GSH., Intracellular glutathione ·is cleaved by 

membrane bound y-glutamyl transpeptidase toy-glutamate and 
' . 

-cysteinylglycine.· They-glutamate is transferred to acceptor amino 

acids by y-glutamyl· transpeptidaseand transported into cells. The 

y-glutamyl amino acids are converted to 5-oxoproline and free amino 

acids by y-glutamylcyclotransferase. This is one form of amino acid 

transport for certain cells.- 5-oxoproline is converted back to 

y-glutamate by 5-oxoprolinase and cysteinylglycine is cleaved by a 

peptidase to yield free cysteine and glycine. Thus·, the 3 amino acids 

of glutathiorie are freed for the resynthesi~-of glutathione (Meister and 

Anderson, 1983). 
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( Amino Acid)·· 
AA · 

AA 

.. ( glutathione) 
f-glu--cysH-gf y (ADP+Pi.· 

. ~ATP 
6 .. 

glycine 

.... cysH-gly -1<. 

3 
... ·. . 

. . \ .1-glu-cysH. · 

. cysteine .. . . · ADP +Pi 
. . 

. . 
. · .. 

. ATP · . 

~~ 
ATP ADP+Pi 

Figure· 4. 
.. The y-glutamyl cycle. 

1 =.y-glutamyl transpeptidase; 2 = y-glutamyicyclotransferase; 
•. 3 = peptidase; 4 = 5-oxoprolinase; 5 = y-glutamylcysteine synthetase; 

· 6 = glutathione synthetase~ 

Taken from Meister, 197'4. 

Glutathione peroxidase, present.in the cytosol and mitochondrici:1 
. . 
' ' . -. . 

matrix, not only redu~es H2o2 in the presence of ~SH, bu.t also reduces 

hydroperoxides. Other· substrates_ for glutathione peroxidase ~nclud.~ . 

tert-bu tyl : hydroperoxide:, . cumene· hydroperoxide,. thym"ine hydroperoxide, 

lipid hydroperoxides .· an? prostaglandin• G2• The. reduction. of lipid. 

hydroperoxides to. hydroxy fatty acids by glutathione. peroxidase· is of .. 

particular interest.· .Toxic lipid hydroperoxides are one product 6f · 

lipid peroxidation, a consequence of· oxygen free radical mediated tissue 

damage. Lipid hydrope:roxides may be substrates for glutathione .· 

peroxidase only after cleavage from cell membranes by_phospholipases. 

(Flohe' 1979). 
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Glutathione peroxidase, at 85-Kda, is composed of four identical 

subunits. Each subunit contains a selenium atom bound to a cysteine _· 

residue. This selenocysteine residue is directly involved in the 

catalytic reaction of this enzyme. The peroxide. substrate is, reduced to 

water or a corresponding alcohol by this.residue which in turn is 

· converted to selenenic acid.. One molecule of GSH binds to selenenic 

acid through·a selenosulfide bond which is disrupted by a .second 

molecule of GSH regenerating the active form of the· enzyme and 

glutathione disulfide (St'ryer, 1988; Flohe', 1~79). 
' . . ' 

· · Glutathione disulfide is reduced to 2 GSH hy the f la.voe_nzyme. · 
. . . 

. glutathione reduCtase in·the pre~ertce of.NADPH. Electrons are·not 

· directly transferred · from NADPH to cysteine in glutathfone disulfide. · · · 

Instead, electrons are transferred from NADPH to· the cofactor FAD, then 

to a cysteine residue of. glutathione reductase, and finally to 

glutathione disulfide.. The regeneration ·_of r·educ~d glutathione by this- .· ·· 

mechanism is the obvious_role of glutathione reductase.· Its presence in 

·the cytosoi and the mitochondrial matrix complements glutathione 

peroxidas~ (Stryer, 1988). 

Another mechanism present in tissues for the. detoxification of H2o2_ 

· is' the enz.yme catalase ~. · Gata·lase is a heme :containing protein which is 

f o·und · in virtually .• al_l mammalian cell types • The enzyme· .is usually 

localized in peroxisomes or microperoxisomes where a high concentration· 

· of pe.roxide producing. enzymes are localized (Chance et al., 1979). 

Catalase is a horn~t~trarner.with a molecular weight of 240 Kda. Each 

subunit has a molecular weight of about 60,000 daltons and contains a. 

sing1e heme group (Beyer and Frid_ovich, 1988). 

Catalase catalfzes the following reaction: 
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The mechanism for this reaction involves an alternate two electron 

oxidation-reduction of the heme group of this enzyme by H
2
o

2 
by the 

following reactions: · 

+3 +5 Fe - cat+ H
2
o

2 
--~>-Fe ~ cat (2) 

Compound I 

+5 O > +3 2 0 0 "(3) Fe - cat+ H2 2 _--- Fe - cat+ H2 + 2 

Compound I 

Compound I is a stable intermediate. When the concentration of H2o2 is 

low, Compound I can oxidize small electron donors such·as ethanol, 

methanol, formate and ascorbateG The enzyme exemplifies peroxidase 

activity under these conditions by the following_ mechanism: 

+4 + Compound I + RH
2 

_---> Fe· - cat + RH. + H. (4) 

. Compound II 

. +3 + 
Compound II + RH

2 
_..;_) Fe - cat + RU- + H - (5) 

Kinetically, the peroxidative- reactions (4, 5) are much slower (k
1 

- 10
2 

3 -1 -1 . . 7 -1 
- 10 M- sec -) than the catalatic reactions (2, 3) (k

1 
= 10 M _ 

-1 sec ) . 
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The peroxidative reaction predominates when H
2
o

2 
levels are low. 

The catalatic mechanism b~comes dominant as e2o2 levels increase (Beyer 

and Fridovich, 1988). 

Opinion differs on the mechanism of action of catalase. One, 

viewpoint held is that catalase is different from othe-r o·ne-substrate 

enzymes in that it is not saturable. It, therefore, does not follow 

Michaelis-Menten kinetics and does not have a Ko Catalase decomposes 
m 

H
2
o

2 
with apparent first o.rder kinetics up to a denaturing concentration 

of peroxide (Chance et al. , 1979; Jones et al., 1981; Flohe, 1982 )-. ·_ 

Others, however, have shown the enzyme to be saturablewith·a very high· 

K ranging from 70 mM in Leptospira biflexia to 1. 1 M in horse liver 
m 

(Corin and Cox, 1980; Nicholls and Schoenbaum,. 1963). This would 

indicate that catalase has a low affinity:for H2o2 • 

The interplay between catalase and glutathione peroxidase in 

metabolizing intracellular H2o2 I:ias generated considerable interest_ -

(Jones et al., 1981; Cohen and Hochstein, 1963; Nicholls, 1972). 

Factors which play a role in the route by which peroxi<l;e is metabolized 

intracellu.larly include the molarity, the rate coristant, the 

intracellular location· and the K., of the. enzymes-. _- According to F_loh~,, 
m - - -- , 

both enzymes decompose H2o
2 

with_apparent first order kinetics at 

physiological concentrations of peroxide. No alteration from this 

mechanism occurs with catalase except at denaturing concentrations of 

H
2
o

2
. Glutathione peroxidase, however, shifts from first order to zero 

order kinetics when ,the rate of H2o2 production exceeds the capacity of 

the celi to regenerate GSH. Thus, it is the- relative molarity of_these 

two enzymes in a cell compartment wh_ich is the major determinant of the 

route of H2o
2 

metabolism. (Floht1, 1982). This was shown in ,hepatocytes _ 
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where a partitioning of enzyme function was related to the site. of H
2
o

2 

production. Catalase was ·found to be dominant in the peroxisome and 

glutathione peroxidase preferentially detoxified the majority of the 

H
2
o

2 
produced at· the endoplasmic reticulum (Jones et al., 1981). The K 

m 

of these enzymes. may be a reason for pre_ferential peroxide metabolic 

activity. Glutathione peroxidase has a K in the µM range whereas 
. m. 

catalase is in the high millimo.lar range (Reed, 1986; Nicholls and 

Schonbaum,. 1963). This suggests. that· low levels· of H
2
o

2 
will be 

preferentially metabolized by glutathione peroxidase, and at higher 

peroxide concentrations catalase will be dominant. Cells may_ avoid 

glutathione depletion or glutathione disulfide accumulation by depending 

more on catalase-during· fluxes of H
2
o

2 
of high concentration (Freeman 

and Crapo, 1982). 

,r. 
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3. Modulation of antioxidant activity. 

To fully characterize the cellular events associated with oxidative 

stress it is necessary to reduce the availability of antioxidants or the 

activity of antioxidant enzymes. With H
2
o

2 
as the oxidant, the relative 

protective roles of catalase and the glutathione redox system can only 

be ascertained by suppressing the activity of catalase or any component 

of the glutathione redox system. Effective inhibitors for both systems 

are availahle. 

Two approaches have been utilized for the dismantling of the 

glutathione redox system. One is the depletion of intracellular ~SH and 

the other is the inhibition of glutathione reductase since a good 

inhibitor for glutathione peroxidase is not available. 

· ·several compounds have been utilized for lowering intracellular GSH 

levels. One group of compounds act as competitive substrates for 

glutathione-S-transferases. They include diethylmaleate, iodoacetate, 

iodoacetamide and N-ethylmaleimide. These compounds, however, produce 

other cellular effects by reacting with other s·uifhydryl groups in 

addition to that of GSH (Drew a~d Miners, 1984). These agents have been 

shown to inhibit the cytochrome P-450 system by their interaction with 

reduced thiol groups in this complex (Netter, 1980; Anders, 1978; Chuang 

et al., 1978; Drew and Miners, 1984). Diethylmaleate, -the compound most 

of ten used to deplete GSH levels, has bot_h inductive _and inhibitory' 

effects on the mixed function oxidase of the cytochrome P-450_ system 

(Anders, 1978). 

Due to the nonspecific reactivity of these sulfhydryl binding 

agents, other compounds with different mechanisms of action have been 

developed to lower intracellular GSH levels. One effective agent is· 
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buthionine sulfoximine (BSO). Buthionine sulfoximine has been shown to 

be a s_pecific inhibitor of y-glutamylcysteine synthetase (see Fig. 4). 

This enzyme catalyzes the 'formation of y-glutamylcysteine which then 

conjugates with glycine to form GSH. Buthionine sulfoximine has been 

shown to markedly suppress the activity of this enzyme in the kidney and 

to suppress hepatic and renal GSH levels (Griffith and Meister, 1979). 

Effective suppression of y-glutamylcysteine synthetase activity coupled 

with an active y-glutamyl transpeptidase. eventually leads to lowering of 

intracellular GSH levels. 

Another approach for rendering this system inactive is utilizing 

the irreversible inhibition of glutathione reductase by nitrosoureas. 

The rationale for this approach is that suppression of the activity of 

this enzyme could lead to an accumulation of GSSG and_a depletion of the 

specific reducing agent of this system, GSH (see Fig. 3). Of the 

nitrosoureas, 1,3-bis-(2-chloroethyl)-l-nitrosourea (BCNU), is the most 

commonly used experimentally. 

. ® 
BCNU, carmustine BiCNU, is an antineoplastic agent currently on· 

the market which·alkylates DNA and RNA. It has also been shown to 

inhibit enzymes by carbamoylation. This highly lipophilic compound is 

currently being used alone or in combination with other therapy in the 

treatment of brain tumors, multiple myelomas, Hodgkin's disease and 

non-Hodgkin's lymphomas. The most common adverse reaction to this 

treatment is delayed myelosuppression with reductions in circulating 

levels of platelets, leukocytes and_erythrocytes. It usually occurs 4 · 

to 6 weeks after drug administration (Physicians' Desk Reference_, 1986). 

Out of 19 erythrocyte enzymes assayed, however, only glutathione 
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reductase activity was lowered in patients receiving chemotherapy with 

BCNU (Frischer and Ahmad, 1977). 

Nitrosoureas can degrade to an organic isocyanate and a diazene 

hydroxide. The inactivation of glutathione reductase by nitrosoureas 

appears to occur as a consequence of the formation of a thiocarbamate 

linkage between isocyanate and a thiol group at the aciive site (Babson 

and Reed, 1978). 

BCNU lowers glutathione reductase ac,tivity by about 90% in 

hepatocytes within one hour of the administration of a 75 µM 

concentration (Babson· et al., 1981). Both mitochondrial and cytoplasmic 

· glutathione reductase activities are reduced by BCNU (Meredith and Reed, 

1983). BCNU is commonly used for interrupting the glutathione redox 

cycle in the eye. Glutathione reductase activity in perfused corneal 

endothelia was lowered by 90% with a 125 µM concentration of BCNU which 

led to a 63% reduction in GSH levels (Riley, 1984)e Additionally, 

pre-treatment of whole lenses in vitro with 500 µM BCNU lowered 

glutathione reductase activity by 53%. This was sufficient·to produce 

an accumulation of GSSG and to block the increase in hexose 

monophosphate shunt activity occurring ~n the presence of 60 µM H202 

(Giblin and Mccready, 1983). 

3-amino-lH-1,2~4-triazole (3-AT) has been utilized to examine the 

physiological role of .catalase since it is a specific inhibitor of this 

enzyme in mammalian cells ,(Heim et al., 1955; Margoliash and 

Novogrodsky, 1958;_ Bhuyan and Bhuyan, 1977). Previous studies have 

shown this compound to reduce catalase activity in the rat liver and 

kidney by 90% (Heim et al., 1955, 1956) .. This agent is also effective 

in the eye. Intravenous 3-:-AT lowers. catalase activity in iris, ciliary 
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processes, retina, corneal epithelium and endothelium and lens capsule 

epitheliOm within one hour of administration (Bhuy~n and Bhuyan, 1978). 

3-aminotriazole inactivates catalase only in the pr·esence of H
2
o

2 

because it reacts with Compound I forming an inactive complex 

(Margoliash.and Novogrodsky, 1958). The proposed mechanism is as 

follows (Nicholls and Schonbaum, 1963): 

+3 Catalase-Fe + H2o2 ---> Compound I (1) 

Compound I+ 3-AT ---> Catalase AT Fe+3 (2) 

Inactive Complex 

The inactivation of catalase by 3-AT has also been used as a qualitative 

indicator of H
2
o

2 
production within the peroxisome (Yusa et al., 1987) • 
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4. Cellular injury mediated by oxidative stress. 

It is apparent that the generation of oxidants can overwhelm 

antioxidant defenses. This may occur in many different pathological 

states. One common feature of cellular injury mediated by oxidative 

stress is that the oxidant inactivates or alters macromolecules 

necessary for proper cellular function or survival. Many different 

cellular macromolecules can be damaged by this process. Membrane lipid 

peroxidation may be one consequence of oxidative stress. Peroxidation 

of polyunsaturated fatty acids or other lipids in.membranes can alter 

permeability characteristics. Thiol group oxidation of proteins can 

alter enzyme function, transport processes and contractile functions of 

cells. Oxidative damage or scission of nucleic acids can produce 

mutation and.be a cause of carcinogenesis (Jones, 1985). 

Numerous studies.have implicated lipid peroxidation to be the 

causative factor of cellular or tissue degeneration following exposure 

to oxygen radicals. The mechanism for the initiation of lipid 

peroxidation is the abstraction of a hydrogen atom from a 

polyunsaturated fatty acid to form a lipid radical (L 0

). The lipid 

radical can then react with molecular oxygen to produce a lipid 

hydroperoxy radical (100°). Another lipid can reduce the lipid 

hydroperoxy:radical to produce a lipid hydroperoxide (LOOH) and another 

lipid radical (L' 0

). A chain reaction will be prop~gated until a chain 

breaking antioxidant reduces a component of this sequence without the 

subsequent production of a reactive free radical. Alpha-tocopherol is 

one example of a chain breaking antioxidant (Kappus, 1985). 

The reactive species which initiates lipid peroxidation in living 

cells has not been identified. It is generally assumed that the 
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superoxide anion radical and H2o2 play an important role in this p,rocess 

since the addition· of superoxide dismutase and catalase to experimental 

systems lowers its incidence. The reactivity of these two compounds on 

their own, however, is not sufficient to abstract a hydrogen atom from a 

methylene group of an unsaturated fatty acid and initiate the chain 

reaction. This apparent paradox is overcome when the Haber-Weiss 

reaction (Figure 2) is taken under· consideration .. The hydroxyl radical, 

formed from the interaction of o
2

T and H
2
o

2 
in. the presence_ of a 

transition metal; is sufficiently reactive to initiate lipid 

peroxidation (Kappus, 1985) •. Its direct involvement, however, has not 

been shown. 

The biological consequences of lipid peroxidation are numerous and 

varied. Inactivation of protein receptors and enzymes occurs in 

membranes having undergone this process. Lipid peroxidation has been 

shown to alter the respiratory chain in mitochondri_a and to lower the 

activities of microsomal cytochrome P-450 and glucose-6-phosphatase 

(Kappus, 1985; Marshansky et al., 1983; Narabayashi et al., 1982; 

Nielsen, 1981). Inactivation of these cellular c,omponents may occur 

either through direct interaction with a product of lipid peroxidation 

or indirectly through conformational changes associated with alt_ered 

membrane ultrastructure. These changes can also occur through direct 

attack by oxygen free radicals (Kappus, 1985). 

The effects of oxidative stress on cellular proteins has not been 

as fully characterized as .its effects on membrane lipids. It has been 

shown, however, that protein degradation is increased eleven-fold in 

erythrocytes exposed to-0 2T and H2o2 and possibly other oxidants 

produced by the interaction of xanthine and xanthine oxidase. Protein 

23 



degradation in these experiments also occurred independently of lipid 

peroxidation which began approximately two hours after the initi_.ation of 

proteolysis. This suggests that oxidatively damaged proteins may_ be 

selectively degraded by cells and that protein degradation may be a very 

early event in cellular injury mediated by oxidants (Davies and 

Goldberg, 1987). 

Exposure of P388D1 cells, a murine macrophage cell line, to H
2
o

2 
or. 

activated neutrophils produced a dramatic drop in ATP levels within five 

minutes of exposure. This drop in ATP levels was-linked to the 

inactivation of the glycolytic enzyme glyceraldehyde-3-phosphate 

dehydrogenase and lower NAD levels following· increased activity of poly 

(ADP-ribose) polymerase. The increased activity.of thi~ enzyme was due 

to DNA damage elicited by H
2
q

2 
or.its degradative product "OH (Cochrane 

et al., 1988). In addition to lowering the concentration of its 

cofactor, NAD, .studies also showed that H2o2 directly inactivated 

glyceraldehyde-3-phosphate dehydrogenase. This is.an example of an 

oxidant directly inactivating a pro_tein necessary for life. In these 

experiments, the reduced levels of NAD and the partial inactivation ~f 

glyceraldehyde-3-phosphate dehydrogenase led to a dramatic fan· in the 

levels of ATP (Hyslop_ et al., 1986, 1988). 

DNA strand breaks have also been produced in cells exposed to 

oxidants. DNA of human peripheral lymphocytes and P388D1 cells were 

damaged by µM concentrations of H
2
o

2
• Strand breaks were observed 

within 20 seconds of exposure and maximal damage occurred within 

minutes. Exposure bf different cell lines to H
2
o

2 
showed various 

susceptibilities. Susceptibility for DNA damage was inversely 

proportional to the catalase. activity of these d.ifferent cell lines. 
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Pretreating cells with 3-AT made them all equally susceptible to H
2
o

2 

damage·. (Schraufstatter et al., 1986). Thus, H
2
o

2 
or the hydroxyl 

radical were involved in producing DNA strand breaks. 

Experimental evidence is also present implicating an intrac'ellular 

calcium imbalance as contributing to irreversible cellular damage 

observed during oxidative stress. Toxic doses of menadione, which 

produces o2T and H2o2 , results in the depletion of GSH and oxidation of 

pyridine nucleotides in hepatocytes. Subsequent to_GSH depletion, a 

loss of protein thiols occurs in these cells. Thiols play a critical 
. . +2 

role in the proper functiqning of Ca translocases. . . . f +2 Disruption o Ca 

homeostasis occurs when these enzymes are damaged. Increased cytosolic 

+2 · +2 
levels of Ca may result which can activate various Ca dependen_t 

degradative enzymes such as proteases, phospholipases and endonucleases. 

Activation of these enzymes may lead to irreversible cellular damage 

(Orrenius et al., 1988). Hydrogen peroxide has been shown to disrupt 

intracellular Ca + 2 homeostasis in cultured P388D
1 

· cells (Hyslop et al..,-

1986). 
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5. Pathological states associated with oxidative stress. 

Attempts have been made to correlate the tissue injury associated 

with oxidative stress, experimentally, to various pathological states. 

Evidence is present linking free radical mediated injury to hepatic 

disorders, radiation injury, drug toxicity, alcoholism, ischemia

reperfusion injury, arthritis~ -~therosclerosis, acute and chronic 

inflammatory states, some types of tumor promotion and chemical 

carcinogenesis, cataracts, retinopathy of prematurity, and aging 

(Slater, 1986). ·. 

A great deal of work has be~n done investigating the role of 

.oxidative,' stress .iri the inflammatory response. It is well documented 
- . 

that activated neutropqi;J..s and macrophages undergo a "respiratory burst" 

which generates o2T and H
2

0
2

• Superoxide is generated from a membrane 

bound oxidase which catalyzes the univalent reduction of o2 by NADPH . 

and, less efficiently by NADH (Klebanoff, 1988). There.is a substantial 

increase in oxygen consumption, glucose oxidation.and NADPH utilization 

T' by the activated phagocyte which coincides with the generation of o2 • 

Hydrogen peroxide is also produced during the respiratory burst 

primarily through the dismutation of 02
7

• Hydrogen peroxide is utilized 

.by the phagocytic enzyme, myeloperoxidase, in the presence of halides to 

producehypohalous acfd. The hypohalous acids are very strong oxidants 

and potent bactericidal agents. Hypochlorous acid (HOCl) is: the most 

significant product of the myeloperoxidase reaction because of the wide 

distribution of chloride ion in physiological syste~s (Fantone and Ward, 

1982). 

Current evidence suggests that 02
7 has little microbicidal actiyity. 

by itself. · _The principal ·means of bactericidal activity by phagocytes 
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result~-from the generation of H
2
o2 and ~ubsequent metabolites such as 

HOCl (Fantone and Ward, 1982). 

Patients with chronic granulomatous di¥3ease have phagocytes 

incapable· of producing o2 T' through the. respiratory burst. Patients 

suffering from this genetic disbrder are susceptible to serious 

bacterial·infect{ons. Bacterial infections occur frequently resulting 

in generalized lymphadenopathy and splenomegaly. Phagocytes from,thes~ 

patients have the ability to phagocytize bacteria. The cells, however, 

do not undergo a respiratory burst when activated and are unable to kill 

certain bacteria. (Fantone and Ward, 1982). 

Oxidants, however, produced by phagocytes for bactericidal purpose 

may be equally toxic to host tissues. Tissue damage may be the expense 

.for defense against microbial attack. Activation of phagocytes can also 

be produced by non-infectious material. In this ·situation, the 

generation of oxygen free radicals and other harmful mediators of the 

inflammatory response are produced with tissue injury as the only net 

result (Fantone and Ward, 1982)0 

Experiments have shown that infusion of cobra venom factor in · 

rabbits or infusion of zymosan-activated serum into sheep will produce. 

marked pulmonary leukostasis and edema. The mechanism of pulmonary· 

edema was believed to result from damage to pulmonary capillary 

endothelial cells by oxidants produced by activated phagocytes~ The 

pulmonary endothelial cell damage was prevented by pretreatment with 

catalase. This suggests that H2o
2 

produced by activated netitrophils was 

the mediator of vascular endothelial injury (Heflin and Brigham, 1981; 

Fantone and Ward, 1982). 
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Oxygen radicals have also been implicated as playing a role in the 

disruption of .ocular tissue and amplifying the inflammatory response in 

experimental allergic uveitis. Uveitis was produced by pretreating· 

· guinea pigs with retinal S antigen. The disorder was characterized by 
• t' , -

·inflammation of the uveal tract and the retina. In animals treated.with· 

superoxide-dismutase, catalase or sodium benzoate, a marked reduction in 

the. infiltration of inf;l.ammatory. cells was observed. The reduced 

severity of the inflammatory response :in,animals treated with 

antioxidant enz~es' or a hydroxyl radical scavenger suggests that 

oxidative stress.plays a role in the inflannnatory response elicited by 

retinal S antigen (Rao et al., 1987). 
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6. The.aqueous humor. 

The aqueous humor is . a clear fluid formed by the cilia·ry 

epithelium. It is the major nutritional source for the avascular 

cornea, the crystalline lens and the trabeculai_meshwork. Themetabolic 

needs of these tissues are met by the continuous flow of aqueous humor 

from the ciliary processes in the posterior chamber to the ·anterior 

chamber. Constant: exchange ·of solutes between the aqueous humor and 

tissues of the anterior segment occurs so that the composition of·the 

aqueous humor in the posterior chamber is different from that found in 

the anterior chamber. Compared to the posterior aqueous, there is a 

lower concentration of glucose and a higher concentration of lactic acid 

in the anterior aqueous (Kinsey and Reddy, 1964). Tissues.of the 

anterior segment alter t~e composition of the aqueous humor by utilizing 

glucose, amino acids and other solutes and releasing metabolic products 

such as lactic acid (Caprioli, 1987). 

One major difference between the composition-of aqueous humor and

blood plasma is the protein content of these two.fluidsv The protein 

content of plasma is 6 to 7 g/100 ml, whereas in the aqueous humor of 

man it is 5 to 15 mg/100 ml. It is assumed that ·aqueous protein is · 

derived from plasma- since all types of plasma protein ar~ found in the 

aqueous humor, but at very low concentrations. This difference in 

protein concentration is altered, however, when the blood-aqueous 

barrier is disrupted and plasma proteins enter the aqueous humor 

· (Davson, 1980). 

Another major difference between the content of aqueous humor and 

blood plasma is the concentration of ascorbic acid. Ascprbate is· 

normally present in.human and rabbit aqueoushumor at approximately LO 
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mM. This value is 10 to 50 times higher than plasma ascorbate making it 

the highest aqueous to plasma ratio for any compound present in the 

aqueous humor (Riley et al., 1986). The concentration of aqueous 

ascorbate varies with ~pecies. It is high in pig, sheep, guin€a pig, 

man, monkey, horse·, cow and rabbit. On the other hand, its 

concentration in.the rat is negligible (Davson, 1980). Evidence is 

present suggesting an active transport mechanism for ascorbate acr·oss 

the ciliary epithelium:since the isolated ciliary body accumulates 

ascorbate against a concentration gradient (Becker, 1967). A more 
. . . 

recent study has shown that ascorbate is accumulated intracellularly in 

cultured bovine pigmented ciliary epithelial cells via an electrogenic 

cotransport system· with Na+ (Helbig et al. , 1989) o 

The function of ascorbate in the aqueous humor has not been 

determined. It has been postulated that it acts to protect ocular 

tissues against photooxidative damage (Varma et al., 1979). This is 

consistent with the ability of ascorbate to act as an antioxidant. 

Ascorbate has been shown to react directlywith aqueous peroxyl radicals 

and the superoxide anion radical at near diffusion limited reaction 

rates (Bendich et al., 1986). It also acts to inhibit lipid 

peroxidation by· res_toring the antioxidant properties of vitamin E since 

ascorbate has the ability to reduce the vitamin E chromanoxyl radical 

(Doha et al., 1985).~ 

Ascorbate, however, can also act as a pro"'."oxidant. It·has been 

suggested that it is the source of ~2o2 in the aqueous hum6r (Pirie, 

1965; Giblin et al., 1984; Riley et al., 1986). Hydrogen peroxide is a 

normal constituent of_aqueous humor. Its concentration has been 
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measured to be 50 to 70 µM in·rabbit and approximately 30 µMin man 

(Giblin et al., 1982). 

One· proposed mechanism for H
2
o2 formation in the aqueous humor _is 

the nonenzymatic reaction between ascorbate and molecular· ·oxygen (Pirie, 

1965; .Giblin et al., ·1984): 

ascorbate + o2 ~--> dehydroascorbat~ + H2o
2

._. 

This .reaction is normally very slow. Two different agents, however, 

have been proposed to catalyze the oxidation of· ascorbate in the 

presence of oxygen~ One is riboflavin in the pr1:sence of light. The 
. . 

. . . 

. . +2 . . . . 
other is. copper (Cu ) (W_olf f et aL, 1987). Trace amounts of both 

riboflavin and copper-·have been.measured in the aqueous humor of animals·· 

(Philpot and Piri~, 1943; Gerhard, 1966)·. 

From a complicated set of reactions, the photoactivation of 

riboflavin, in the presence. of both.ascorbate and ·o2 , was shown to_ 

consume o2 ~ to produce the stable ascorbyl sem-iquinone radical and to . · 

generate H
2
o

2
• Superoxide· anion radicals and hydroxyl radicals were 

also postulated to be produced from this interact"ion. Riboflavin in the 

presen~e of ascorbate, o2 _and light was.also f~und to be.toxi"c to lens 

epithelial cells in culttire (Wolff et al., 1987). 

Copper was also shown to catalyze th_e consumption of o2 in ~he_ . 

presence of ascorbate. Hydrogen peroxide was transiently produced from 

this interaction. It-did not accumulate to an appreciable amount 

_because it was consumed by further reactions instigated by the initial 

reactants (Wolff et ai., 1987)~ 
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Experiments,were performed corrobo~ating this claim that H
2
o

2 
is a 

product of· the• oxidation of ascorbic acid. _Two studies showed a. direct 

correlation be·tween.,:the level of ascorbic' acid and H
2
o

2 
in rabbit 

. . . 

aqueous _humor (Giblin _et al., 1984; Riley. et al., 1986). Furthermore, 
. . 

Giblin i anci" co-workers.· showed 'that when guinea ·pigs were placed on an 

ascorbic acid deficient diet, a ten-fold decrea$e in the level of both 

_aqueous ascorbate and H
2
o

2 
was observed. Placing. these animals back on 

a normal diet returned both aqueous ascorbate and H
2
o

2 
to normal levels·.· 

These studies suggest. that ascorbate is the primary source of H
2
o2 in 

aqueous humor (Giblin et al., 1984). Hydrogen peroxide may also be 

generated in the a.que_ous humor by mechanisms _not involving, ascorbate 

such as the.spontarteous dismutation of the superoxide anion radical or 

from tissue reactions (Fong et al., 1987). This may be true for man 

since no correlation·was found between the level of _ascorbate and H2o2 

in human aqueous humor (Spector and Garner, 1981). 

There has been considerable conjecture on the function of ascorbate 

in the eye. On one hand, this compound has been hypothesized to be an 

important photoprot~ctive agent for the lens and·retina througp its 

·. ~ction as an ·antioxidant (Varma- et. al. , 1979; Organisciak et. al. , 1984). 

Conversely, it has been claimed tb-be· the primary source of. aqueous 

humor H2o
2

, a potentially toxic oxidant (Giblin et al., 1984; Riley et 

al., 1986). Riley deals with this apparent .:paradox by suggesting th~t 

·.ascorbate is an important protector of anterior segment tissues against 

oxidative stress by reacting with oxygen centered free radicals to yield 

. H2o2 and dahydroascorb~te. The H202 produce~ by this reaction is less. 

toxic than the oxygen centered free radical. Ascorbate,·ther~fore, act~ 
. . . . ' 

as antioxidant by producing a less toxic oxidant (Riley et al., 1986}. 
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It has ~lso been suggested that ascorbate acts as an antiphotooxidant by 

reducing photogenerated organic radicals rather than oxygen radicals 

produced by photosensitizing agents (Wolff et al., 1987). 
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7. Oxidative Stress in the anterior segment of the eye. 

Regardless of its source, the presence of tt
2
o

2 
in the aqueous humor 

has instigated many studies on the toxic effects of this compound on 

anterior segment t;ssues. Most attention has been directed to the lens 

since the oxidation of lens proteins increases with age and is markedly 

elevated in cataract (Garner and Spector, 1980). This observation 

coupled with the finding that increased levels of tt
2
o

2 
were found in the 

aqueous humor of some cataract patients ha~ initiated many _studies 

investigating the cataractogenic potential of H
2
o

2 
(Spector and Garner, 

1981). 

The lens is biconvex in shape and transparent. It is positioned 

behind the iris and suspended by zonular fibers attached to the ciliary 

processes. Its primary function is to refract and focus light onto·the 

retina. Other functions include absorption of ultraviolet light and 

accommodation (Cotlier, 1987). 

The lens is surrounded by its own capsule. A single layer of 

epithelial cells lie subjacent to the anterior capsule. These 

epithelial cells are· active mitotically. At the equ·ator, the epithelial 

cells elongate toward the anterior and posterior poles of this organ and 

become lens epithelial fibers. These fibers are formed throughout life 

with the most recently developed fiber covering its predecessor 

( Cot lier, 198 7) • 

Anatomically, the lens can be separated into cortical and nuclear 

regions. With slit lamp observation, the nuclear region can be further 

separated into zones corresponding to periods of len~ growth throughout 

life. The lens fibers in the cortica,1 or superficial region of this 

tissue are easily separated by dissection once the capsule has.been 
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removedi · The fibers in the nucleus of the lens adhere to each other 

strongly and form a compact mass. The lens cortex also contains more 

water than the nucleus. This organ, however, is relatively dehydrated 

containing 66% water and 33% protein by weight. The protein content of 

the lens is higher than any other organ in the body. Ma.intenance of 

lens proteins in a proper arrangement plays a vital role in maintaining 

transparency (Cotlier, 1987). 

A cataract is any alteration in the transparency of the lens. A 

variety of factors have been shown to be involved in cataract 

development. Oxidative mechanisms are involved in many of the 

lenticular changes associated with cataract development. For instance, 

oxidized nuclear proteins are present in human senile nuclear cataracts 

(Truscott and Augusteyn, 1977). With severe cataracts, 60% or more of 

the methionine in membrane associated proteins are in the methionine 

stilfoxide form. More than 90% of the cysteine residues ar-e in the

disulfide form or present as cysteic acid. Extensive oxidation of lens 

proteins occurs with cataract and it begins at the lens fiber membrane 

(Garner and .Spector, 1980). 

One possible oxidant playing a role in the development of senile 

cataracts is H2o2• In certain cataract patients, concentrations of 

aqueous humor H
2
o

2 
were found to range from 0.045 to 0.663 mM (Spector 

and Garner, 1981). Hydrogen peroxide has been shown to produce 

cataracts expe.rimentally. It damages both membranal and cytosolic 

regions of lens epithelial cells. Hydrogen peroxide alters lens 

·+ + 
membran~.- permeability and uncouples the Na ,K -ATPase in cultured bovine 

' + 
lens by altering external Na stimulation of the pump (Garner et al., 

1986). 
. . +2 

The Ca -ATPase of both lens epithelial and cell fiber membranes 
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+ + appears-to be more damaged by H2o
2 

than the Na ,K -ATPase. Hydrogen 

peroxide at 0.5 mM almost completely inhibited Ca+2-ATPase activity, 

+ + . whereas 5.0 mM H2o2 lowered Na ,K -ATPase activity by only 28% (Borchman 

et al., 1989). Hydrogen peroxide also causes a rapid reduction in total 

glutathione levels in lens epithelial cells with the remaining 

glutathione primarily in the disulfide form (Spector et al., 1985). 

Glutathione plays a vital role in protecting the lens against 

oxidative stress by protecting protein thiol groups and detoxifying 

oxidants. The lens contains an extremely high level of GSH ranging from 

3 to 14 µmol/g in bovine lens. The level of GSH decreases with age and 

cataract development:· (Spector et al., 1987). A considerable amount of 

evidence exists linking lenticular glutathione with H2o2 detoxification 

and protection against oxidative stress. Whole rabbit lenses incubated 

with 60 µM H2o
2 

showed no significant loss of GSH and a 3 fold increase 

in the activity of the hexose monophosphate shunt. When whole lenses 

were incubated with 100 µM:H 2o2 there was a reduction in hexose 

monophosphate shunt activity·and a loss of lenticular GSH. Pretreatment 

of lenses with BCNiJ, in the presence of 60 µM H2o2 , blocked·the normal 

increase in hexose mor1:ophosphate shunt activity and resulted in an 

accumulation of glutathione disulfide. These results indicate that the 

detoxification of_ H
2
o

2 
by the len~ is linked to the glutathione redox 

system· and a reduction.of lenticular glutathione reductase activity 

makes the lens .more susceptible to H2o2-mediated damage (Giblin and 

Mccready, 1983). 

Additionally, treatment of preweanling mice, ages 9-12 days, with 

repeated subcutaneous injections of BSO for 3 days produced.markedly 

lower le~els of GSH in liver, kidney, testes and lens. The most 
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dramatic effect of GSH depletion in these animals was cataract 

development. Of 16 lenses examined only one remained transparent. 

Lenticular changes were obvious to these investigators at age 14 to 15 

days when the animals first opened their eyes. Slit lamp observation 

revealed both cortical and nuclear opacities in 14 day old mice with 

nuclear opacities being more severe. Biomicroscopy at 21 days showed 

the entire lens to be densely opaque. Interestingly, the lenses of mice 

originally treated with BSO at days 14 to 17 of age did not develop 

cataracts. Although GSH levels were approximately 6% of control values, 

BSO was less effective in reducing the GSH content of lenses in these 

older animals. This difference may reflect developmental changes in the 

turnover of glutathione or the metabolism of BSO. However, in some of 

these older animals other abnormalities such as hind leg paralysis were 

revealed. This study appears to be the first exemplifying the direct 

effect of a drug specifically designed to deplete cellular GSH levels on 

cataractogenesis (Calvin et al., 1986). Other studies, however, have 

shown a correlation between lowered GSH levels and cataract development 

(Reddy, 1971). 

Although glutathione appears to play an important role in 

maintaining lenticular transparency and detox~fying H2o2 , other studies 

have-shown catalase to be important in this capacity as well. Cataract 

was produced in Dutch rabbits which consumed the catalase inhibitor, 

3-AT, in a 0.2% drinking solution. At the end of the second week of 

treatment, early cataractous changes could be detected~ Catalase 

activity ~as lowered by 83~ in these cataractous lenses and glutathione 

peroxidase activity was unchanged. These cataractous changes exemplify 

the importance of catalase in lenticular metabolism. Long-term oral 
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administration of 3-AT also lowered ascorbic acid levels in the ocular 

fluids and produced a 2 to 3 fold increase in H
2
o

2 
levels in both_the 

aqueous humor and vitreous humor (Bhuyan et al., 1973). Additionally, a 

single intravenous injection of 3-AT, 1 g/kg-bodyweight, reduced 

c~talase activity significantly in the iris, ciliary body, retiria, · 

corneal epithelium, corneal endothelium a.nd lens capsule-epithelium 

within one hour of administration. At 1 to 6 hours after the 

intravenous aclministration of 3-AT, H2o2 levels in the aqueous humor 

were increased 2 to 3 fold without affecting the concentration of 

aqueous ascorbate. _This occurred during a time period in which anterior 

segment tissue catalase activity was greatly reducedo With time, the 

elevated H2o
2 

levels in the aqueous humor were restored to the 

physiological level as anterior segment tissue catalas·e activity 

gradually returned to_ normal. These results suggest that during maximal 

suppression of catalase activity, the- glutathione redox system is unable 

to maintain the aqueous H2o2 concentration in the-physiological range 

(Bhuyan and· _Bhuyan, 1977). 

Other ·tissues of _the anterior segment_have also been examined with 

regard to the pathological manifestations of oxidative stress. The 

cornea is the transparent and an~erior·most portion of the ocular globe. 

Its main ftinction ~~ to refract light onto the retina. The cornea 

consists of three main layers: the epithelium, the stroma·and the 

endothelium. The corneal epithelium comprise_s the anterior boundary of 

this tissue. · This stratified ~pithelium is 5 to 6 cell layers_ thick 

with a basal cell layer attached to its basement membrane by 

hemidesmosomes. _Zonula occludentes are present between epithelial cells_

and are probably responsible for the low permeability of thi~ corrie~l 
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layer. · The epithelium regenerates from germinat·ive columnar celi"s on 

.its basal side with older cells progressively squeezed forward and 

. flattened so that the· most superficial cells are of the squamous variety 

(Zadunaisky, 1978). 

The corneal stroma, bounded anteriorly by the corneal epithelium 

and posteriorly by the corneal endothelium, comprises the majority of 

the cornea. It is a hydrophilic connective tissue with highly organized 

fibers consisting primarily of collagen fibrils with 64 to 66 nm 

periodicity (Waltman and Hart, 1987). • The cornea has fibrils of · 

collagen of similar radius with regular spacing in a lattice 

arrangement. Alteration of the arrangement of corneal fibers leads to .a 

loss of transparency. This occurs during corneal swelling (Zadunaisky, 

1978). The corneal stroma tends to swell due to the hydrophilicity of· 

the glycosaminoglycans (GAGs) present in its interstitial spaces. The 

GAGs act as large anions binding cations and water. Damage to either 

the epithelial or endo.thelial layers leads to. corneal swelling and · 

cloudiness. Endothelial damage, however, .is more serious since 

permanent swelling.an'd·loss of.transparency may occur (Waltman and Hart,· 

1987). 

The corneal endothelium is a si:ngle layer of flat hexagonal cells 

lining the posterior border of the cornea.· This cell layer plays a 

critical role in maintaining the stroma in a relatively dehydrated. 

state. The endotheliu~ acts as both a barrier for .passive fluid 

movement from the aqueous humor to the stroma as well as·containing an· 

ac_tive ionic pump which removes fluid that has leaked into the stroma. 

It has been· demon_strated that both soq.ium and. bicarbonate are actively 
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I •• 

transported across the rabbit corneal endothelium. (Huff and Green, 1981· '. 
Hodson and Miller, 1976). 

Several studies have looked at the effects of oxidative stress on 

the corneal endothelium. Riley and Giblin (1983) examined.the toxic 

_effects of H2o2 on corneal endothelial function by measuring the ability 

of -isolated rabbit cornea to maintain normal thickness.during perfusion 

with different concentiations of H
2
o

2
• Perfusion for. 3 hours with 50 µM 

. H2o2 in the absence of glucose produced severe damage to the endothelium 

and almost immediate swelling of the cornea. 

The threshold of toxicity was increased to 200 µM when 27.8 mM 

glucose.was present in the perfusion ~edium. Glutathione levels in the 

endothelium were.unaltered during perfusion with_ 50 µM H
2
o

2 
in the· 

presence of glucose. In the absence of glucose with this concentration 

of H2o2 , GSH loss was evident with a significant increase in GSSG levels 

(Riley and Giblin, 1983). Additionally, suppression of glutathione 

reductase activity wj.th BCNU, in the presence·of 50 µM H2o2 , produced 

severe swelling of the cornea and a· decrease in corneal endothelial 

total glutathione levels with the remaining giutathione primarily in the 

disulfide form. '.Thus, corneal swelling is enhanced in the presence of 

H202 when the turnover of glutathione is interrupted ·by either removal 

·of glucose from the perfusion medium or inactivation of the reductase by 

BCNU (Riley, 1984). Additional studies were performed to assess·whether 

the pump, i.e., ionic transport, or leak mechanism was responsible for 

the increase in corneal swelling during perfusion with u2o.2 . The 

permeability of the corneal endothelium to mannitol and inulin was 

increased in isolat~d cornea perfused with.SO µM H2o2 . Thi~ 

concentration of H
2
o

2
, however, had little effect on ATPase activities 
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+ + with only a 15% drop in Na ,K -ATPase activity and no effect on the 

anion sensitive pump. · Therefore, it appears that permeability changes 

are more important than changes in active transport processes in corneal 

swelling initiated by exposure to H
2
o

2 
(Riley, 1985). 

The relative toxicity of various·oxidants on corneal endothelial 

function has also been assessed. It was shown that neither superoxide 

dismutase nor free radical scavengers could protect the in vitro corneal 

endothelium from the effects of o
2

T, H2o2 
and possibly 0 OH generated by 

hypoxanthine-xanthine oxidase reaction or potassium superoxide. Only 

the addition of catalase to the perfusate was able to protect this 

tissue, implicating H2o
2 

as the major mediator of oxidative damage to 

the corneal endothelium (Hull et al., 1981, 1984a, 1984b). 

Further studies have investigated the role which oxidative stress 

may play in the development of glaucoma. Glaucoma is a group of 

disorders characterized by an elevation of the intraocular pressure 

(IOP). A consequence of this elevated pressure is damage to the optic 

nerve head and.a loss of vision. The regulation of IOP is intimately 

associated-with the dynamics of aqueous humor flow. Physiological 

parameters of_ particular importance regarding a·queous humor dynamics 

includ~ the rate of aqueous production, the resistance of aqueous 

outflow and the episcleral. venous pressure·. Aqueous humor is formed at 

the ciliary processes in the posterior chamber, enters the anterior 

chamber through the pupil and exits the eye at the angle.of the anterior· 

chamber. The majority of aqueous humor leaves the eye through the 

conventionial or c_analicular pathway which consists of the trabecular 

meshwork, · Schlellllil' s canal, intrascletal channels and episcle_ral and 

conjunctival veins (Shields, 1987). Most·simplistically, the trabecular 
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meshwork, which overlies Schlemm's canal, consists of beams of 

connective tissue encased by endothelial cells. Spaces are present 

between these beams which allow aqueous humor to flow passively to 

Schlemm's canal. These intertrabecular spaces contain 

glycosaminoglycans which have been postulated to modulate the flow of 

aqueous humor (Grierson and Lee, 1975). It has been demonstrated that a 

complete trabeculectomy in nonglaucomatous, enucleated human eyes 

reduces the resistance to aqueous humor outflow by 75% (Grant, 1963). 

Tracer studies have shown a heavy accumulation of tracer in the 

juxtacanalicular region on the inner surface of the inner wall of 

Schlemm' s canal. It appears that- this area is the site for the majority 

of the aqueous outflow resistance produced by the trabecular meshwork 

(Tripathi, 1971; Shields, 1987). 

The most common form of glaucoma is primary open...:.angle glaucoma. 

It is characterized by a gradual inc_rease in intraocular pressure which 

is asymptomatic until advanced visual field loss. The increase in 

intraoct,1.lar pres-sure is attributed to an increase of.aqueous humor 

outflow resistance. It is believed that the increase in outflow 

resistance is due to changes in the structure and/or function of the 

trabecular meshwork (Shields, 1987). 

To assess the role in which oxidative stress plays in the 

development of primary open-angle glaucoma, studies have examined the 

effect of H2o2 on the trabecular meshwork and aqueous humor outflow 

facility. Perfusion of calf eyes with 25 mM H202 caused a decrease in 

aqueous humor outflow facility only when glutathione was depleted from· 

the trabecular meshwork (Kahn et al., 1983). This suggests that 

oxidative insult may play a role,in the pathogenesis of glaucoma 
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possibly through the alteration of cell membrane sulfhydryl groups 

(Epstein and Anderson, 1984). Additionally, perfusion experiments with 

calf eyes have shown H
2
o

2 
at a physiological concentration to be 

completely metabolized as it passes through the trabecular meshwork 

(Nguyen et al., 1988). With time, H
2
o

2 
in the aqueous htimor may alter 

the trabecular meshwork leading to a reduction in aqueous humor outflow 

facility. It is well established that a decrease in aqueous humor 

outflow facility occurs with aging (Becker, 1958). 
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MATERIALS AND METHODS 

1. General Procedures 

a. Animal models 

Both albino and pigmented rabbits were utilized in these 

experiments. An adult ·rabbit was defined to be between 10 weeks and 6 

months of age, weighing between 1.4 kg and 3.0 kg. 

b. Chemicals and solutions 

Chemicals. All compounds were obtained from Sigma Chemical Co., 

St. Louis, MO except where indicated otherwise. 

Solutions. 

Krebs Bicarbonate Ringer (305 ± 5 mOSM/kg,. pH 7 .3) 

NaCl 118 mM 

Dextrose 27.8 mM 

Na~co3 25 mM 

i<Cl 4.7 mM 

cac1
2

·2H
2
o 1.9 mM 

KH2Po4 1.18 mM 

... MgSO • 7H 0 
4 2 1.18 mM 

This solution was gassed for 40 minutes with 95% 02/5% CO 2 . 

Phosphate Buffers 

50 mM Na,K phosphate buffers, 

1. KH2Po4 50 mM 

2. Na2Po
4 50 mM 

Mix solutions 1:1 for pH 6.6 

0.8:1.2 for pH 7.0 
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50 mM K-phosphate buffer pH 7.0, 

1. KH2Po4 

2. K
2

HP0
4 

50 mM 

50 mM 

Solutions mixed and pH adjusted to 7.0. 

c. Anesthesia and sacrifice 

For general anesthesia the drugs ketamine, xylazine and urethane 

were utilized. Intravenous sodium pentobarbital was used for 

euthanasiao For pre-procedural anesthesia, ketamine and xylazine were 

injected intramuscularly in a 1:1 combination. General anesthesia and 

muscle relaxation usually occurred within 10 to 15 minutes of injection 

and lasted for approximately 1 hour. Adult animals received either 2 or 

3 cc of this mixtur·e and young animals received 1. 5 cc to induce 

surgical anesthesia. Ketamine HCl (100 mg/ml, Bristol Laboratories, 

Syracuse, NY) is a non-narcotic anesthetic which produces a dissociative 

type of anesthesia. Xylazine HCl (20 mg/ml, Miles Laboratories, 

Shawnee, KS) is a non-narcotic analgesic, sedative and muscle relaxant. 

Urethane was used primarily as an additive reagent to maintain 

anesthesia during the Ringer whole body perfusion (Section 2). 

Following intramuscular ketamine and xylazine, an intravenous injection 

of approximately 1 ml/kg body weight of a 25% urethane solution in 

saline was performed immediately prior to the perfusion procedure. The 

combination of these three drugs was adequate to maintain anesthesia 

,throughout this procedure. 

Sodium pentobarbital (65 mg/ml, Vet Labs Ltd., Lenexa, KS) was 

administered intravenously at an overdose volume of 5 ml for the purpose 

of euthanasia. Rapid injection via the marginal ear vein provided 

painless and immediate sacrifice of these animals. 
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d. Intravitreal injections 

Intravitreal inj_ections were performed utilizing a 30 gauge needle 

attached to a Gilmont microsyringe. Injections were made following 

anesthesia with the ketamine/xylazine mixture. The needle was inserted 

through the superior rectus muscle and into the vitreous cavity. 

Utilizing this approach, intravitreal injections could be made without 

leakage of ocular contents following needle removal. 

e. Intracameral injections 

Intracameral injections were made with a 30 gauge needle attached 

to a Gilmont microsyringe in animals anesthetized with the 

ketamine/xylazine mixture. They were performed in a manner which 

prevented the loss of aqueous humor during removal of the needle from 

the anterior chamber. At the limbus of the cornea, the needle was 

inserted into the stroma and threaded tangentially for approximately 3 

mm. The needle tip was then pushed through the stroma, piercing the 

endotheiial layer and directed toward the center of the anterior 

chamber. The fluid was injected once the needle tip was at the center 

of the anterior chamber. It was then withdrawn into the stromalregion 

of the cornea following the track originally made.· The needle was held 

motionless approximately l mm from the limbus for 10 to 15 seconds to 

insure closure of the needle track. The needle was then withdrawn from 

the cornea. This procedure provided an effective method for injecting 

fluids into the anterior chamber without trauma and minimal alteration 

of the physiological environment (Hull et al., 1985). 
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2. Whole Body Perfusion with Krebs Bicarbonate Ringer. 

Prior to all enzyme assays and quantification of glutathione 

levels, whole body perfusions with Krebs bicarbonate Ringer were 

performed to remove all blood constituents from vascularized tissues. 

Erythrocytes and leukocytes are high in catalase, glutathione peroxidase 

and glutathione reductase activities (Cohen and Hochstein, 1963). 

Additionally, glutathione is present in both cellular and noncellular 

components of blood (Anderson and Meister, 1980). This procedure was 

performed when quantifying the values of these parameters in well 

vascularized tissues such as the iris and the ciliary processes. 

Krebs bicarbonate Ringer (pH 7.3, 305 ± 5 mOsm/kg) was used as the 

perfusate. Four ml of heparin (1000 IV/ml) was added to each liter of 

the Ringer solution for its anticoagulative property. An I. V. bottle 

containing approximately 2 liters of heparinized Ringer was suspended 

from the ceiling approximately 130 cm abov~ the chest of the animal. 

The Ringer perfusion line was run through a peristaltic pump and a 

plastic adapter was attached to the end of the line. 

Animals were anesthetized with intramuscular ketamine and xylazine 

approximately 10 minutes prior to the start of the procedure. Once 

anesthetized,.· the animal was placed on the operating stand and its 

for~legs tightly secured. An I.V. line was placed in the marginal ear 

vein·with syringes of heparin and urethane attached. The thorax of the 

animal was then shaved from the sternal notch to below the xiphoid 

process. 

An incision with a straight blade was made from the sternal notch 

to the xiphoid ·process exposing the underlying fascia, muscle and ribs. 

With heavy scissors another incision was made left of the xiphoid 
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process -and continued superiorly along the· left costosternal junction 

until reaching the sternal notch. Pediatric rib spreaders were inserted 

and expanded halfway between the sternal notch and the xiphoid process 

to expose the thoracic cavity. Two ml of heparin (1000 USP units/ml) 

were then injected intravenously. If there was any indication of pain 

during the incision procedure, 1 to 2 ml of i.v. urethane was 

administered. 

The heart was exposed by cutting the pericardia! sac with fine 

scissors. It was then grasped with large forceps and an incision of 

about 1 cm in length was made at the apex of the left ventricle. The 

perfusion line was inserted into this incision and pushed toward the 

aorta. The peristaltic pump was turned on and when aortic perfusion 

began, the right atrium was severed. Flow rates of about 70 ml/min 

could be obtained with this procedure. 

Approximately 500-ml of bicarbonate Ringer was allocated for each 

rabbit. The completeness of the perfusion was determined visually by 

observing whethe~ the effluent from the right atrium was clear of blood. 

If this was the case then the procedure was terminated and the tissues· 

were ready for harvesting and assay. 
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3. Catalase Assay. 

A spectrophotometric assay was utilized to quantify catalase 

activity. It was based on the assay originally developed by Beers and 

Sizer and modified by Clairborne (Beers and Sizer, 1952; Clairborne, 

1985). The assay quantifies the rate of the decomposition of H
2
o

2 
by 

catalase to oxygen and water. This measurement can be attained by using 

ultraviolet spectroscopy since the maximum optical density (O.D.) for 

H2o
2 

is at 240 nm with a molar extinction coefficient of 43.6 M-l cm-l 

Catalase activity is determined by following the rate of decrease in 

O.D. of a solution containing either tissue sample or catalase standard 

and H2o2• The specific activity of catalase can be quantified from the 

amount of H
2
o

2 
consumed per minute per protein content or wet weight of 

tissue sample. 

Catalase activity was assessed in the iris, ciliary processes, 

corneal endothelium, liver and lung of the adult albino rabbit. The 

tissues to be assayed were dissected from the rabbit immediately 

following the whole body perfusion with Krebs bicarbonate Ringer. 

Appropriate tissue samples were weighed on a Mettler Model AE163 

analytical balance and then placed in individual centrifuge tubes. Each 

centrifuge tube contained two ml of 50 mM Na,K phosphate buffer, pH 7.0, 

with 0.1% Triton X-100. Triton X-100 is a detergent which solubilizes 

membranes and aids,hom:ogenization. Tissues were kept ice cold during 

all preparatory procedures prior to assay. 

Tissues were homogenized for 30 seconds with a Teckmar tissue 

homogenizer and then sonicated for another 30 seconds with a Branson 

Model 185 sonicator. The samples were then centrifuged in a Beckman 

Model J21C centrifuge at 6000 RPM(~ 4000 g) for 20 minutes at .4°C. 
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The supernatant was analyzed for catalase activity utilizing a 

Beckman DU-7 spectrophotometer set at the wavelength of 240 nm and in 

the "time drive" mode. This mode allows for the continuous 

quantification of O.D. during a specified time period. 

Utilizing quartz cuvettes, a predetermined volume of sample 

supernatant was added to enough phosphate buffer to make a total volume 

of two ml. One ml of 48 mM H
2
o

2 
was added to this sample mixture. Due 

to the presence of catalase in the sample mixture a rapid decrease in 

O.D. occurred when H
2
o

2 
was added. The spectrophotometer was set to 

quantify the rate of change in O.D. 120 times a minute from 30 seconds 

to 90 seconds after the addition of H
2
o

2
• 

Catalase Activity 

(Units/mg protein) 

= ~ O.D. 240 x 1000 

-1 -1 43.6 M cm x mg protein/ml solution 

One unit of catalase activity equalled 1 µmole of ·H2o2 consumed per 

minute. The specific activity was expressed as units of catalase 

activity /mg sample protein or wet weight. The protein content o.f the 

sample was measured with a modified version of the assay originally 

developed by Lowry and co-workers (Lowry et al., 1951). 

For the purpose of internal control, a standard curve with bovine 

liver catalase was run during every assay to insure that conditions did 

not vary between experiments. 
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a.· The effect of intravenous 3-AT. 

A dose response relationship was attempted between various doses of 

intravenous (i.v.) 3-AT and catalase activity in the iris, ciliary 

processes, corneal endothelium, liver and lung of adult albino rabbits. 

A single i.v. injection into the marginal ear vein of 2.0 ml, 4.0 ml and 

6.0 ml per kg body weight of a 3M 3-AT solution was performed 3.5 - 4.0 

hours prior to the start of the assay. These doses corresponded to 0.5 

g, 1.0 g and 1.5 g per kg body weight of 3-AT. The catalase assay was 

performed as previously described. 

b. The effect of oral 3-AT. 

Either an 0.2% or 2% 3-AT solution was administered orally to both 

albino and pigmented rabbits. The 0.2% solution was administered for 43 

days and the 2% solution was given for 52 days. Animals drank these 

solutions ad libitum in replacement of their drinking water. A record 

was kept of their qaily fluid consumption. Catalase activity was 

quantified in the ir_is and ciliary processes of animals drinking the 

0.2% solution at the termination of the study. 

Since long term 3-AT treatment had previously be~n reported to 

produce cataractotis changes, the anterior segments of both pigmented and 

albino rabbits were observed visually, on day 43, with a slit lamp 

(Bhuyan and Bhuyan, 1977). Observations ·were made with a Haag Streit 

Model 900 slit lamp and any morphological changes observed in anterior 

segment tissues were documented. 
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4. Protein Assays. 

a. The protein assay of Lowry et al. 

A modified ·version of the assay of Lowry et al. was utiliz~d for 

measuring the protein content for the quantification of the specific 

activity of catalase in tissue samples· (Lowry et al., 1951). Three 

standard solutions were utilized in this procedure. Solution A 

consisted of 20.0 g of Na2co
3

, 4.0 g of NaOH and 0.2 g of Na,K tartrate 

in 1 liter of deionized water. Solution B contained 0.5 g of Cu 

so4 .sH20 in 100 ml of deionized water. Solution C was a 1:3 dilution of 

Folin-Ciocalteau reagent with deionized water. A working solution was 

prepared by mixing solutions A and Bin a 50:1 ratio on the day of the 

assaye Bovine serum albumin (BSA) was utilized as the standard protein. 

A standard curve was derived from a stock solution of 1.0 mg BSA/ml 

deionized water. 

The assay·was performed by mixing in each test tube the following 

solutions: 

1) BSA standard (O to 75 µl) or tissue sample supernatant (20 to 100 

µl) with enough 50 mM phosphate buffer, pH 7.0, to make a total 

volume of 0.5 ml 

2) 2.5 ml of working solution 

3) 0.25 ml of Solution C 

Each tube was sheken and placed in a water bath for 45 minutes at 37°C. 

The optical density of each sample was then read spectrophotometrically 

at 660 nm .. A standard curve was established with the BSA content 

ranging from Oto 75 µg. Beyond 75 µg the curve lost its linearity. 
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The protein content of tissue. samples was derived from this standard 

curve. 

* b. Protein assay with the Pierce BCA Protein Assay Reagent. 

* The Pierce BCA protein assay reagent was utilized for quantifying 

protein levels for the calculation of the specific activity of 

glutathione reductase in tissue samples. This assay, rather than the 

assay of Lowry et al., was used because of its simplicity. The Pierce 

' +2 system combines the biuret reaction, in which protein reacts with Cu 

. +l +l to yield Cu in an alkaline medium, with a detecting agent for Cu , 

bicinchoninic acid (the BCA reagent). The purple reaction product of 

this interaction· is water soluble and has maximum absorbance at 562 nm. 

Therefore, the spectrophotometric determination of the level of protein 

dissolved in an aqueous solvent is possible. 

The standard reagents were supplied by the Pierce Chemical Company. 

Reagent A contained sodium carbonate,. sodium bicarbonate, BCA detecting 

reagent and· sodium tartrate in 0.2 N NaOH. Reagent B was a 4% copper 

sulfate solution. The BCA Protein Assay Working Reagent was formed by 

mixing 50 parts of Reagent A with 1 part of Reagent Bo 

Protein standards of BSA with a concentration range from 0.2 mg/ml 

to L 2 mg/ml were prepared from a st.eek albumin solution. One hundred 

µl of each standard or tissue sample supernatant were added to a 

properly labelled test tube. Two ml of the BCA Working Reagent were 

then added to each tube and its contents mixed. 

All test tubes were then incubated in a shaking water bath for 30 

minutes at 37°C. The tubes were allowed to coo·1 to room temperature and 

the optical density of their contents was measured at 562 nm. A 
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standard curve was established with the albumin standards. The protein 

content of the tissue samples was derived from this standard curve. 
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5. Glutathione Reductase .Assay. 

Glutathione reductase activity was quantified in the iris-ciliary 

processes, and corneal endothelia of adult pigmented rabbits following 

. whole body perfusion with Krebs bicarbonate Ringer. Tissues were placed 

in 2.0 ml of 50 mM potassium phosphate buffer, pH 7.0, containing 0.1% 

Triton X-100. These samples were homogenized for 30 seconds with a 

Teck.mar tissue homogenizer and sonicated for another 30 seconds with a 

Branson Model 185 sonicator. Tissues were then centrifuged in a Beckman 

Model J21C centrifuge at 15,000 RPM(= 12,000 g) for 30 minutes at 4°C. 

The supernatant.was analyzed spectrophotometrically for glutathione 

reductase activity by quantifying the rate of disappearance of NADPH at 

340 nm (Lopez-Barea and Lee, 1979). The autoxidation of NADPH was 

followed for 1 minute prior to the addition of tissue sample 

supernatant. The decrease in absorbance due to the autooxidation of 

NADPH was subtracted from the decrease in optical density produced by 

the addition of tissue sample supernatant. The assay was performed with 

1.9 ml of potassium phosphate buffer, pH 7.0, 50 µl of 0.1 M glutathione 

disulfide (GSSG), 50 µl of 0.01 M NADPH and 1.0 ml of tissue sample 

supernatant. The rate of NADPH oxidation, catalyzed by the glutathione 

reductase mediated reduction of GSSG to 2 GSH, was quantified from 30 to 

90 seconds after the addition of tissue sample supernatant in a Beckman 

DU-7 spectrophotometer. One specific unit of glutathione reductase 

activity was defined to equal 1 nmole of NADPH oxidized/minute/mg 

protein. A standard curve was produced from yeast glutathione reductase 

(Sigma Chemical Company) of known activity. Ocular tissue glutathione 

reductase activity was derived from this standard curve. Tissue protein 
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concentrations were quantified with the Pierce BCA Protein Assay Reagent 

with bovine serum albumin as the standard. 

a. The effect of BCNU on glutathione reductase activity in the 

iris and ciliary processes. 

A dose response relationship between intravitreal 1,3-bis

(2-chloroethyl)-l-nitrosourea (BCNU) (Bristol Hyers Company, 100 mg) and 

glutathione reductase activity in the irides and ciliary processes of 

adult pigmented rabbits was attempted. One hundred mg of BCNU was 

dissolved in 1.0 ml of absolute alcohol provided by the manufacturer. 

Either 2.0 mg (20 µI) or 3.0 mg (30 µl) of dissolved BCNU was injected 

intravitreally utilizing a Gilmont microsyringe. An equal volume of 

absolute alcohol was injected into control eyes. Forty-eight hours 

after these injections, glutathione reductase activity was quantified in 

these tissues with the procedure previously described. 
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6. Glutathione Assay. 

Total glutathione levels and the oxidized fraction of glutathione 

were quantified in the iris-ciliary body, corneal endothelium and 

aqueous humor of adult pigmented rabbits. These assays were conducted 

in the laboratory of Dr. Michael V. Riley at Oakland University, 

Rochester, MI. Following whole body perfusion with Krebs bicarbonate 

Ringer, tissues were extracted from the eye, weighed and placed in 0.2 

ml of 5 mM EDTA. The samples were either stored at -80°C or shipped 

directly on dry ice to Dr. Riley's laboratory. 

A modified version of the 5,5 dithiobis (2-nitrobenzoic acid) 

·(DTNB) - GSSG reductase activity assay, originally developed by Tietze, 

was used to quantify total glutathione (GSH + ½ GSSG) levels (Tietze, 

1969; Riley and Giblin, -1983). This assay utilizes the reaction of DTNB 

with 2 GSH to produce GSSG and 5-thio-2-nitrobenzoic acid (TNB). The 

rate of formation of TNB, followed spectrophotometrically at 412 nm, is 

proportional to the concentration of total glutathione. The addition of 

glutathione reductase, in the presence of excess NADPH, will reduce any 

pre-existing GSSG, or GSSG produced by the DTNB reaction to 2 GSH. This 

assay was also used to quantify tissue GSSG levels which are usually 

present at a much lower concentration than GSH. The DTNB - GSSG 

reductase recycling assay was made specific for GSSG by pretreating GSH 

with excess 2-vinylpyridine (2-VP). This forms an inactive complex 

which keeps GSH from reacting with DTNB. Following the addition of 2-VP 

the assay was run in a manner identical to that for the quantification 

of total glutathione levels. 
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a. The effect of intravitreal BS0 on total glutathione levels in 

anterior segment tissues. 

An attempt to lower total glutathione levels in anterior segment 

tissues was made with BSO. Buthionine sulfoximine, an irreversible 

inhibitor of y-glutamylcysteine synthetase, was injected into the 

vitreous of adult pigmented rabbits with a Gilmont microsyringe. The 

iris-ciliary body, corneal endothelium and the aqueous humor were taken 

for glutathione analysis 48 hours after the intravitreal administration 

of either 0.5, 1.0, 2.0 or 4.0 mg of BS0. The BS0 was dissolved in 

deionized water. All control eyes received a 40 µl intravitreal 

injection of deionized water. Glutathione analysis was undertaken with 

a modified version of the Tietze assay (Tietze, 1969; Riley and Giblin, 

1982). 

b. The effect of intravitreal BCNU on glutathione levels in 

anterior segment tissues. 

An attempt to lower the level of reduced glutathione was made with 

BCNU. It was hoped that by suppressing glutathione reductase activity 

that an accumulation of glutathione disulfide would occur and thus 

render glutathione peroxidase ineffective. Intravitreal injections of 

3.0 mg of BCNU were made in adult pigmented rabbits with a Gilmont 

microsyringe. At 48 hours after injection, the iris-ciliary body and 

the aqueous humor were taken for glutathione analysis with the assay 

previously described. 
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7. Hydrogen Peroxide and Ascorbate Assay. 

Various experiments were performed to delineate the factors which 

regulate endogenous steady state levels of aqueous humor H
2
o

2
. Since 

both catalase and the glutathione redox system are capable of 

metabolizing H
2
o

2
, it was felt that suppression of anterior segment 

tissue catalase activity or depletion of GSH could possibly lead to 

elevated steady state levels of aqueous H
2
o

2
• Additionally, since a 

direct correlation between aqueous humor ascorbate levels and aqueous 

humor H2o
2 

levels was previously shown, it was of vital importance to 

quantify the concentration of aqueous ascorbate when measuring aqueous 

H2o
2 

(Giblin et al., 1984). 

The dichlorophenol-indophenol (DCPIP) assay was utilized to 

quantify both H
2
o

2 
and ascorbate levels in the same aliquot of aqueous 

humor (Pirie, 1965)., A 0.15 mM DCPIP solution in 50 mM Na,K phosphate 

buffer, pH 6.6, with 0.5 mM EDTA was used in this assay. The optical 

density (O.D.) of this solution, prior to the addition of aqueous humor, 

was approximately 1.5 at 610 nm. The ascorbate present in the aqueous 

sample, normally about 1.0 mM, reduced DCPIP causing a decrease in O.D. 

This decrease in absorbance was used to quantify the concentration of 

ascorbate in the aqueous humor. Tne addition of horseradish peroxidase 

(HRP) (Type VI, Sigma Corp., 295 U /mg) re·oxidized the dye causing an 

increase in O.D. •if H
2
o

2 
was present in the sample. HRP utilized DCPIP 

as the reducing agent in the enzymic reduction of H2o2 to H20. The 

increase in absorbance following the addition of HRP was used to 

calculate the concentration of H2o2 in the aqueous humor. 

Samples of aqueous humor were analyzed in a Beckman·DU-7 single 

beam sp~ctrophotometer at 610 nm and 25°C. Each cuvette contained 
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initially 1 ml of the 0.15 mM DCPIP solution. Depending upon the 

experiment, either a 5 µl or 25 µl aliquot of aqueous humor was added to 

the DCPIP solution. Due to the ascorbate present in the aqueous sample, 

a decrease in optical density occurred. It was of vital importance to 

wait until the O.D. reading stabilized before recording it. If this 

reading was taken prior to stabilization, then in all likelihood an 

underestimation of both ascorbate and H
2
o

2 
values would take place. It 

usually took about 30 seconds for stabilization to occur. Five µl of 1 

mg/ml of HRP was then added to the cuvette to quantify H2o2 levels. 

This reading was taken immediately after the addition of HRP. 

Calculations: 

Ascorbate (mM) = t::. o.n. 610 Rffl: (DCPIP value - sample value) x cuvette volume 

21 mM-l cm-l (extinction coefficient) x sample volume 

t::. o.o. 610 nm= Decrease in O.D. following the addition of sample 

cuvette volume= 1 ml + 5 µl = 1.005 ml 

(DCPIP) (sample) 

or 

1 ml + 25 µl = 1.025 ml 

(DCPIP) (sample) 

D. 0.D.
610 

Hffl (HRP value - sample value) x cuvette v·olume 

21 mM-l cm-1 (extinction coefficient) x sample volume 
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~ 0.D.-610 nm = Increase in 0.D. following the addition of HRP 

cuvette volume= 1 ml + 5 µl + 5 µl = 1.010 ml 

(DCPIP) (sample) (HRP) 

or 

1 ml + 25 µl + 5 µl = 1.030 ml 

(DCPIP) (sample) (HRP) 

In order to measure both H2o
2 

and ascorbate levels accurately in 

the same sample, the concentration of ascorbate must be greater than 

that of H2o2 • This was not a problem when measuring endogenous levels 

since the level of ascorbate in the aqueous humor is much greater than 

that of H2o
2

• Modifications in this procedure, however, were necessary 

when quantifying the aqueous H
2
o2 concentration after intracameral 

peroxide injections (Section 8). The level of H2o
2 

during this 

procedure may be greater than that of aqueous ascorbate. 

If this was the case, then when HRP was added to the sample the 

O.D. of the DCPIP solution would increase only to its original starting 

point, approximately 1.5, and would thus result in an underestimation of 

the H2o2 concentration. To overcome this problem, 10 µl of 40 mg% 

ascorbate was added to the cuvette prior to the addition of the aqueous 

·sample. The administration of excess ascorbate insured that adequate 

bleaching of the·DCPIP dye occurred prior to addition of HRP. 

a. The effect of 3-AT on endogenous aqueous humor H
2
o

2 
levels. 

To ascertain the role that catalase played in regulating endogenous 

aqueous H2o2 levels, both aqueous ascorbate and H
2
o

2 
concentrations were 

analyzed 4 and 24 hours after the intravenous administration of 1.0 g/kg 
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body weight of 3-AT in adult pigmented rabbits. The assessment of long 

term suppression of anterior segment tissue catalase activity on aqueous 

H
2
o

2 
levels was also undertaken. Aqueous H

2
o

2 
and ascorbate levels were 

quantified in adult pigmented rabbits placed.on a· 0.2% 3AT drinking 

solution for 43 days utilizing the ··ncPIP method previously described. 

b. The effect of BCNU and BSO on endogenous aqueous humor H2o
2 

levels. 

The role of the glutathione redox system in regulating aqueous H
2
o

2 

levels was assessed by decreasing the concentration of GSH.. Two 

approaches were taken to reduce GSH levels. One utilized BCNU, an 

irreversible inhibitor of glutathione reductase. The other used BSO; an 

irreversible inhibitor of y-glutamylcysteine synthetase. Hydrogen 

peroxide and ascorbate levels were quantified in adult pigmented rabbits 

48 hours after the intravitreal administration of 3.0 mg of BCNU. 

Aqueous peroxide and ascorbate levels were also analyzed 48 hours after 

the intravitreal administration of 2.0 or 4.0 mg of BSO. Contralateral 

ey~s serving as controls received equal volumes of the diluents for 

these compounds intravitreally. Peroxide and ascorbate levels were 

quantified with the DCPIP method previously described. 

c. The effect of elevated aqueous humor ascorbate levels on 

aqueous tt
2
o

2 
levels. 

The effect of the systemic administration of ascorbate on aqueous 

humor ascorbate and H2o2 levels was assessed in adult pigmented rabbits 

receiving daily intrap~ritoneal injections of 200 mg of ascorbat~ for 4 

days. The final ascorbate injection was approximately 2 hours prior to 

assay. Other groups of pigmented rabbits receiving this same regimen of 

ascorbate injections included those aiso treated with 3.0 mg of 
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intravitreal BCNU, 1.0 g/kg of i.v. 3-AT, oral 0.2% 3-AT, or 3.0 mg of 

intravitreal BCNU plus 1.0 g/kg of i.v. 3-AT. Intravitreal BCNU 

injections were performed 4 days prior to assay. Intravenous 3-AT 

injections were administered daily for 3 days prior to assay. Oral 0.2% 

3-AT was administered to these animals as their drinking fluid for 43 

days. Ascorbate and peroxide levels in aqueous humor were quantified 

with the DCPIP method. 
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8. Intracameral Injections of H2o2 for Analysis of Peroxide Kinetics. 

Ten wl of either 10 mM, 25 mM or 50 mM H2o2 were injected directly 

into the anterior chamber to ascertain the relative effectiveness of 

tissue catalase and the glutathione redox system in detoxifying elevated 

levels of H2o2 in aqueous humor. These injections were performed in 

adult pigmented rabbits that were either untreated or pretreated with 

intravenous 3-AT or intravitreal BSO. Aqueous humor was withdrawn from 

the anterior chamber with a ·25 gauge needle attached to a tuberculin 

syringe at specific time intervals after initiation of the injection of 

H2o2 depending upon the concentration of H2o2 injected intracamerally. 

The time intervals utilized were either 18, 60, 90,180 or 240 seconds 

after the intracameral injection. The concentration of H2o2 in the 

aqueous humor sample was quantified with the DCPIP method immediately 

after sample removal from the anterior chamber. Utilizing this 

procedure enabled us to assess the effects of 3-AT and BSO on peroxide 

kinetics. 
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9. Transmission Electron Microscopy. 

Transmission electron microscopy was performed on the corneal 

endothelia of adult pigmented rabbits to assess the toxicity of various 

concentrations of intracameral H2o
2

. Additionally, the possible 

protective roles of tissue catalase or the glutathione redox system were 

ascertained by injecting H
2
o

2 
into the anterior chamber in the presence 

of 3-AT or BSO. 

The entire anterior segment was taken from eyes at 24 hours after 

the intracameral administration of either 10 µl of 10 mM or 25 mM H
2

0
2 

in untreated, 3-AT pretreated, or BSO pretreated animals. Intravenous 

3-AT, at the dose of 1. 5 g/kg body weight, was admin.istered 

approximately·4 hours prior to intracameral injections. Intravitreal 

BSO, 2.0 mg, was injected approximately 48 hours prior to the 

intracameral procedure. Control eyes, in each of these groups, were 

injected intracamerally with deionized water. 

These tissues were fixed for 3 hours in a solution of 2% 

glutaraldehyde/1% paraformaldehyde in a 0.1 M cacodylate buffer, pH 7.3, 

containing 0.05% CaC12 • Samples were then rinsed following fixation for 

15 minutes with cacodylate buffer prior to post fixation for 2 hours in 

2% osmium tetroxide in 0.1 M cacodylate buffer. Following this 

proc~dure specimens were rinsed with deionized water arid stained for 2 

hours at 4°C with 3% uranyl acetate. Subsequent to staining, these 

samples were then rinsed in deionized water and dehydrated for 10 

minutes each, with' immersion in increasing concentrations of ethanol. 

Following dehydration, sp,ecimens were immersed in propylene oxide for 20· 

minutes and. placed in 100% Spurr .. medium overnight while on a ·rotor. The 

following morning the medium was replenished with fresh Spurr medium and 
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allowed·to rotate for another 24 hours. The specimens were subsequently 

placed into molds and hardened by heating at 70°C overnight. These 

samples were then sectioned to a 100 nm thickness in a Sorvall Model 

MTSOOO ultramicrotome. Specimens were then examined and photographed in 

a JEOL Model lOOCX or a Phillips· 400 electron microscope (Csukas, 1987). 
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10. Statistical Methods and Calculations. 

A. Students unpaired t-test with standard error of mean. 

Statistical analysis was performed with software available for 

the Tektronix Model 4051 computer. 

B. ANOVA. · 

One way analysis of variance was used as the~ priori test 

with the Statgraphics program. 

C. Student-Newman-Keuls Procedure. 

The Student-Newman-Keuls procedure was utilized as the post 

hoc test. This procedure uses the range of data as the 

statistic to measure differences among means (Sokal and Rohlf, 

1969). The pre-determined level of statistical significance 

was P<0.05. 
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RESULTS 

1. Effect of 3~AT on Catalase Activity. 

3-aminotriazole was used to assess the role which catalase plays in 

metabolizing endogenous aqueous H
2
o

2
, clearing elev~ted levels of 

intracamerally administered H2o
2 

ar:id protecting anterior segment tissues 

from H2o2 • A dose response relationship was attempted between. 

intravenous 3-AT and catalase activity in ocular and systemic tissues. 

Single intravenous doses of 0,5, 1.0 and 1.5 g/kg body weight of 3-AT 

were utilized in these experiments. The greatest dose of 3-AT reduced 

catalase activity by 71%, 53% and 58% in the iris, ciliary process and 

corneal endothelium, respectively. In the liver and lung, it reduced 

catalase activity by 95% and 79%, respectively (Table 1). 

Significant reductions of catalase activity occurred at different 

doses of 3-AT for different tissues. For the iris and the ciliary 

process, a 3-AT dose dependent decrease in catalase activity was 

observed. In the iris, signific.ant lowering of enzyme activity occurred 

at the 0.5 g/kg dose whereas in the ciliary process it occurred at the 

1.5 g/kg dose. For the corneal endothelium, the 1.0 g/kg dose of 3-AT 

produced a near maximal reduction of catalase activity of 54%. Tripling 

the dose of 3-AT to 1.5 g/kg only reduced catalase activity by an 

additional 4%. Similarly, in the liver the 1. 0 ·g/kg dose of 3-AT 

produced a near maximal reduction of catalase activity of 92%. (Table 1). 

3-aminotriazole was also administered orally to pigmented rabbits 

in a 0.2% drinking solution for 43 days. Animals drank approximately 

136 ml/ day of this solution in replacement -0-f their drinking-:water. 

This treatment reduced catalase activiiy by 50% in the iris and 46% in 

the ciliary processes. 
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Table 1. 

Catalase activity - dose response to single systemic 3AT injection. 

Catalase 

Ciliary Corneal 
Dose of Iris Process Endothelium Liver Lung 

3AT Units Units Units Units Units Units Units Units Units Units 
(g/kg) mg wet mg soluble mg wet mg soluble mg wet mg soluble mg wet mg soluble mg wet mg soluble 

wt. protein wt. protein wt. protein wt. protein wt. protein 

0 0~93± 19.66± 1.45± 17.49± 0.231± 5.48± 26.95± 166.16± 4. 28± . 40.66± 
0.04(26) 1.02(26) 0.11(26) 1.30(26) 0.021(20) 0~42(20) 2.56(11) 18.13(11) 0.74(4) 7.20(4) 

0.5 0.66±* 13.91±* 1.12± 17.17± 0.12±* 2.53±* 2.48±* 13.28±* 1.19(2) 14.81(2) 
0.09(6) 1. 72(6) 0.05(6) 1.44(6) 0.01(4) 0.41(4) 0.38(5) 2.23(5) 

1.0 0.43±* 7.78±* -0.85±* 11.92± 0.13± 2.34±* 1.50±* 8.85±* 0.63±* 7.46±* 
0.11(9) 1.62(9) 0.21(8) 2.92(8) 0.07(6) 0.90(6) 0.18(8)· 0.91(8) 0.24(3) 3.47(3) 

1.5 0.28±* 5.66±* . 0.49±* · 8.21±* 0.15± 2.32±* 1.29±* 7.79±* 0.68(2) 8.46(2) 
0.03(4) 0.38(4) 0 .11 (3) 2.24(3) 0.05(3) 0.71(3) o".16(4) 0.86(4) 

Values are the mean ± SEM;· s_ample number given in parentheses. Alt t1ssues- harvested between 31-2 and 4 hours after 
intravenous 3AT administration. *, significantly different (P<0.05) from controls (no 3AT) with ANOVA followed by 
Student-Newman-Keuls Procedure. 



2. Morphological Effects of Long Term Oral 3-AT Treatment. 

Another group of pigmented and albino rabbits drank a 2.0% 3-AT 

solution for 52 days in replacement of their drinking water. Slit lamp 

observation on day 43 of treatment showed Gataractous changes in the 

lenses of pigmented rabbits but only very minor abnormalities in the 

lenses of albino rabbits. Corneal changes were also observed in 2 of 6 

pigmented rabbits receiving this treatment (Table 2). 
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Table 2. 
Morphological effects of long term 3-AT.treatment. 

Animal 
Number Lens 

Pigmented Rabbits 
1 OS - Posterior subcapsular haziness 

OD - Posterior subcapsular haziness 

2 

3 

4 

5 

6 

OS - Vacuoles 
OD - Vacuoles and general opacification 

OS - Vacuoles 
OD - Vacuoles 

OS - Severe lens changes, pits, vacuoles 
OD - Minor abnormalities 

OS - Minor abnormalities 
OD - Posterior capsule cracked 

OS - Haziness 
OD - Large vacuoles 

Albino Rabbits 
1 OS - Minor irregularities 

OD - Minor irregularities 

2 

3 

4 

5 

6 

OS.- Normal 
OD - Normal 

OS - Normal 
OD - Normal 

OS - Normal 
OD - Posterior subcapsular blemishes 

OS - Minor irregularities 
OD - .Normal 

OS - Irregularities, well defined blemish 
OD - Slight irregularities 

OS left eye, OD= right eye. 
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Cornea 

Inferior 
Normal 

Normal 
Normal 

Normal 
Normal 

Normal 
Normal 

Normal 
Normal 

Haziness 
Haziness 

Normal 
Normal./ 

Normal 
Normal 

Normal 
Normal 

Normal 
Normal 

Normal 
Normal 

Normal 
Normal 

half cloudy 

inferiorly 
inferiorly 



3. Effe~ts of BCNU on Glutathione Reductase Activity and Glutathione 

Levels. 

The intravitreal administration of BCNU was utilized to lower 

glutathione reductase activity in anterior segment tissues. It was 

hoped that the inhibition of glutathione reductase activity would lead 

to an accumulation of glutathione disulfide which would render 

glutathione peroxidase inactive since it would be lacking its specific 

reducing agent. At 48 hours after the intravitreal administration of 

either 2.0 or 3.0 mg of BCNU, a significant reduction of glutathione 

reductase activity was observed in the iris and ciliary processes (Table 

3). These doses of.BCNU lowered glutathione reductase.activity in the 

iris by approximately 79%. In the ciliary processes, 2.0 mg of BCNU 

lowered glutathione reductase activity by 64% and the 3,0 mg dose 

lowered it by 68%. This reduction in glutathione reductase activity, 

however, was not sufficient to lower the level of tissue glutathione 

(Table 4). It appears that the remaining glutathione reductase ·activity 

was sufficient to maintain the majority of glutathione in.the reduced 
r" •I 

state. The effect of intravitreal BCNU on glutathione reductase ~ctivty 

in the corneal endothelium was not attempted because this compound 

failed to alter total glutathione levels in the iris-ciliary body. 
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Dose of 
BCNU (mg) 

0 

2.0 

3.0 

Table 3. 
The effect of intravitreal BCNU on glutathione reductase 

activity in anterior segment tissues. 

Glutathione Reductase Activity 

Iris Ciliary Processes Corneal Endothelium 

36 .10 ± 2.05 (16) 36.62 ± 3.58 (16) 44.50 ± 9.67 (10) 

* * 7.89 ± 1.89 ( 3) 13 .11 ± 3.93 ( 3) 

* * 7.63 ± 0.89 ( 5) 11.89 ± 1.87 ( 4) 

Values are the mean± SEM; ·sample number given in parentheses. All tissues 
harvested approximately 48 hours after intravitreal BCNU administration. One 
specific unit of glutathione red~ctase activity was defined to equal 1 nmole of 
NADPH oxidized/min/mg protein. , significantly different (P<0.05) from 
controls (no BCNU) with ANOVA followed by Student-Newman-Keuls Procedure. 

Dose of 
BCNU (mg) 

0 

3.0 

Table 4. 
The effect of intravitreal BCNU on glutathione 

levels in the iris-ciliary body. 

Total Glutathiorte 
(ng/mg wet weight) GSSG %· Oxidized 

Iris-Ciliary Body 

287.0 ± 17.4 (8) 

340.5 ± 27.0 (4) 

33.6 ± 5.5 (8) 

4 7 . 1 ± 12 • 9 (4) 

12 

14 

Values are mean ± SEM; sample number given in parent.hes~s. _All t.issues 
harvested approximately 48 hours after intravitreal BCNU injection. 
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4. Effects of BSO on Glutathione Levels in the Iris-Giliary Body and 

Corneal Endothelium. 

Our inability to lower the level of glutathione in anterior segment 

tissues with BCNU led us to consider another inhibitor of the 

glutathione redox system. Buthionine sulfoximine, an irreversible 

inhibitor of y-glutamylcysteine synthetase, was utilized since it was 

shown to effectively lower total glutathione levels and produce 

cataracts in preweanling mice.(Calvin et al., 1986). A dose response 

relationship was attempted between various· doses.of intravitreal BSO and 

glutathione levels in the iris-ciliary body and corneal endothelium 
I 

(Table 5). Maximal suppression of total glutathione levels of greater 

than 80% was produced in the· iris-ciliary body with' a· dose of 1. 0 mg. 

Increasing the dose beyond 1.0 mg· did not appreciably lower the level of 

total glutathione in this tissue. The 4.0 ~g d.ose,.however, did.produce. 

an elevated fraction of glutathione disulfide. This oxidati.on of 

glutathione may have been a result of a toxic dose of BSO which led to 

tissue damage and possible alteration of the activity of glutathione 

reductase. 

Intravitreal BSO was not as effective in lowering total glutathione 

levels in the corneal endothelium. The 1.0 mg dose lowered total 

glutathione levels by 62% and the 2.0 mg dose by 66% (Table 5). The 

discrepancy in the effectiveness of BSO between the iris-ciliary body 

and the corneal endothelium may be due to the possibility that a lower 

concentration of BSO reached the endothelium since the drug must 

traverse the anterior chamber. 
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Table 5. 
The effect of intravitreal BSO on 

glutathione levels in the iris-ciliary body and corneal ~ndothelium. 

Dose of Total Glutathione 
BSO (mg) (ng/mg wet weight) GSSG % Oxidized 

Iris-Ciliary Body 

0 287.0 ± 17.4 (8) 33.6 ± s.s (8) 12 

* 0.5 89. 7 · ± 17.4 (4) 26.0 ± 12.4 (4) 29 

* * 1.0 50.2 ± 6.8 (4) 6.1 ± 2.9 (3) 12 

* * 2.0 45.8 ± 6.2 (4) 5.9 ± 1.2 (4) 13 

* 4.0 53.7 ± 4.0 (4) 50.4 ± 10.1 (4) 96 

Corneal Endothelium 

0 85.14 ± 14.63 (4) 13.09 ±. 2.95 (3) ,15 

* 1.0 32.17 ± 5.14 (4) 9.1.4 ± 4.40 (4) 28 

* 2.0 29 .14, ± 3.21 (5) 8.18 ± 2.04 (4) 28 

Values are the mean± SEM; sample number given in.parentheses. All tissues 
harvested approximately 48 hours after intravitreal BSO admini.stration. *, 
significantly different (P<0.05) from control~ (no BSO)- with ANOVA followed by 
Student-Newman-Keuls Procedure. · 

75 



5. Effects of BSO and BCNU on Glut-athione Levels ·in the Aqueous Humor. 

The effects of these compounds on glutathione levels in the aqueous 

humor were ascertained in addition to tissue effects (Table 6). 

Glutathione is present .in. the aqueous humor at the relatiyely low 

concentration of 15 µM (Riley et al., 1980). Glutathione may act as a 

reducing agent in the aqueous humor by possibly reacting 

nonenzymatically with dehydroascorbate and Hz°z (Riley et al., 1986). 

The level of aqueous glutathione may have a small, but significant 

effect on. the level of aqueous u2o
2

• Therefore, it was felt necessary 

to quantitate the. concentration of aqueous humor glutathione when 

examining the mechanism regulating the endogenous levels of aqueous 

H202 o 

The intravitreal administration of 3.0 mg of BCNU did not have a 

significant effect in lowering the level of total glutathione in the 

aqueous humor. It did; however, increase the level of glutathione 

disulfide by 111% and increase its fraction of the total glutathione 

from 22% to 69%. Buthionine sulfoximine, 4.0 mg, on the other hand, 

lowered the concentration of total glutathione by 71%. This effect of 

intravitreal BSO parallels those found for anterior segment tissues 

(Tables 5 and 6). 
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Control 

BCNU 

BSO 

Table 6. 
The effect of intravitreal BCNU and BSO on 

levels in the aqueous humor. 

Total Glutathione (µM) GSSG 

15.7 ± 0.4 (4) 3.5 ± 0.1 (4) 

* 11.8 ± 3.0 (3) 7.4 ± 0.8 (3) 

i< 
4.5 ± 1.2 (4) 2.0 ± 0.5 (4) 

glutathione 

% Oxidized 

22 

63 

47 

Values are the mean± SEM; sample.number given in parentheses. The doses for 
BCNU and BSO were :Lo mg and 4.0-mg, respectively._ Intravitreal •injections 
were performed 48. hours prior to ·assay. *, value found statistically different 
from control (P<0.05) with ANOVA followed by St~den_t-Newman-Keuls ProC;edure. 
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6. Regulation of Endogenous Levels of Aqueous Humor H
2
o

2
. 

Three parameters were investigated with regard to the regulation of 

endogenous levels of H
2
o2 in the aqueous humor. First, the role that 

catalase plays in regulating the concentration of endogenous aq~eous 

peroxide was examined. Both aqueous. ascorbate and H2o2 levels were 

analyzed 4 and 24 hours after the intravenous administration of LO g/kg 

body weight of 3-AT. Intravenous 3-AT had no significant effect on 

either aqueous ascorbate or H2o2 levels at both time periods (Table 7)., 

The assessment of long term suppression of anterior segment tissue· 

catalase activity on the concentr.ation of aqueous H2o2 was a~so 

ascertained. Aqueous H2o
2 

and ascorbate levels were quantified· in adult 

pigmented rabbits placed on a 0.2% 3-AT drinking solution for 43 days. 

This treatment produced a 58% reduction in the level of aqueous H2o2 and. 

a 76% reduction in the concentration of aqueous ascorbate. Both short 

term and long term suppression of catalase activity in anterior segment 

tissues did not elevate the endogenous steady state levels of aqueous 

H2o2 • Long term reduction of catalase activity with oral 3-AT 

paradoxically lowered the level of aqueous H
2
o2 • The 3-AT mediated 

suppression of the levels of both aqueous .H2o2 and ascorbate, however, 

was reversed following intraperitoneal injections of 200 mg of 

ascorbate. This treatment produced a 5 to 6 fold increase in the level 

of aqueous H2o
2 

and a 2 to 3 fold increase in the concentration of 

aqueous ascorbate when compared to control values. These data suggest a 

relationship between the concentrations of aqueous ascorbate and H2o2 . 

This relationship was further examined in pigmented rabbits 

receiving daily intraperitoneal injections of 200 mg of ascorbate for 4 

days. This treatment also produced a marked elevation in the 
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concentrations of both aqueous ascorbate a~d H
2
o

2 
(Table 8). A direct 

correlation between the levels of aqueous ·ascdrbate and H
2
o

2 
was 

established (Figure 5). Treatment groups included in this relationship 

were animals. receiving the oral 0.2% 3-AT solution, control animals, or 

animals receiving intraperitoneal injections of 200 mg of ascorbate. 

Of further interest was the possibility of whether an increased 

level of aqueous as·corbate could produce a concentration of H
2
o

2 
which 

was toxic to anterior segment tissues. Daily intraperitoneal 

administration of 200 mg of ascorbate for 4 days produced a 

concentration of 373 µM which is at the threshold of toxicity of the in 

vitro cornea (Hull et al., 1981). Visual observation on the fourth day 

of treatment revealed no gross morphological changes to anterior segment 

tissues of animals. treated with ascorbate. Additionally, pretrea-tment 

of animals with 3-AT and BCNU in the presence of elevated ascorbate had 

no gross morphological effect. For this reason, ~hese eyes were used 

for biochemical analysis rather than further morphological study with 

microscopy. This analysis showed that suppression of catalase and 

glutathione reductase activities with 3-AT- and BCNU, in the presence of 

elevated ascorbate, did not alter the concentration of aqueous peroxide 

when compared to ascorbate treatment alone (Table 8). It appears, 

therefore, that the relationship between the le~els of aqueous humor 

ascorbate and H
2
o

2 
is maintained even in the presence of BCNU and 3-AT. 

Alteration of either the level of glutathione or the activity -of 

glutathione reductase of anterior segment tissues had effects on the the 

concentrations of both aqueous humor ascorbate and H2o
2

. Intravitreal 

BSO produced a dose-dependent reduction of the level of aqueous humor 

ascorbate with a -maximum suppression of 53% with the 4.0 mg dose (Table 
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9). This treatment, however, did not significantly alter the aqueous 

humor H2o
2 

level. This reduction in the level of total glutathione, 

therefore, uncouples the relationship between aqueous humor ascorbate 

and H
2
o

2
, with the peroxide level being greater than that predicted ~y 

the level of ascorbate. Additionally, suppression of glutathione 

reductase activity with intravitreal BCNU produced a small, 

statistically insignificant increase in the concentration of aqueous 

humor H
2
o

2 
without appreciably altering the level of aqueous humor 

ascorbate (Table 9). 
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Table 7. 
The effects of 3-AT on H2o2 and ascorbate levels 

in the aqueous humor. 

H202 (mM) ·Ase (mM) 

A. Control 0.079 ± 0.003 (35) 1.178 ± 0.052 (35) 

B. 3-AT, i. V • 1.0 g/kg 
4 hrs 0.075 ± 0.010 ( 8) 1.144 ± 0.087 ( 8) 

c. 3-AT, i.v. 1.0 g/kg 
24 hrs 0.094 ± 0. 012 ( 8) 1.015 ± 0.119 ( 8) 

0.033 * * D. 3-AT, oral 0.2% ± 0.005 (12) 0.278 ± 0.023 (12) 

E. 3-AT, oral 0.2% plus 
* * Ascorbate, 200 mg 0.451 ± 0.046 ( 8) 2.986 ± 0.086 ( 8) 

All values are*represented as the mean± SEM. Sample number given in 
parentheses. , value found statistically different from control (P<0.05) with 
ANOVA·followed by the Student-Newman-Keuls Procedure. 
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Table 8. 
The effects of systemic ascorbate on H2o2 and ascorbate 

levels in the aqueous humor. 

H202 (mM) Ase (mM) 

A. Control 0.079 ± 0.003 (35) 1.178 ± 0.052 (35) 

* * B. Ascorbate, 200 mg 0.373 ± 0.014 ( 6) 3.504 ± 0.059 ( 6) 

c. Ascorbate, 200 mg plus 
* * BCNU, 3.0 mg 0.383 ± 0.022 ( 6) 2.933 ± 0.317 ( 6) 

D. Ascorbate, 200 mg plus 
* * 3-AT, i.v. 1.0 g/kg 0.387 ± 0.038 ( 4) 4.211 ± 0 .134 ( 4) 

E. Ascorbate, 200 mg plus 
BCNU, 3.0 mg plus 3-AT, 

* * i.v. 1.0 g/kg 0.406 ± 0.024 ( 6) 2.813 ± 0.541 ( 6) 

All values are*represented as the mean±· SEM. Sample number given in 
parentheses. , value found statistically different from controi (P<0.05) with 
ANOVA followed by Student-Newman-Keuls Procedure. 
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The relationship between the levels of aqueous humor ascorbate and 
aqueous humor H2o2 . 
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Table 9. 
The effects of BCNU or BSO on H2o

2 
and ascorbate 

levels in the aqueous humor. 

H202 (mM) Ase (rnM) 

A. Control 0.079 ± 0.003(35) 1.178 ± 0.052 (35) 

B. BCNU, 3.0 mg 0.098 ± 0.011( 6) 1.323 ± 0.108 ( 6) 
Contralateral eyes 0.077 ± 0.006( 6) 1.363 :t 0.094 ( 6) 

c. BSO, 2.0 mg 0.070 ± 0.013( 5) 0.707 ± 0.191 ( 5). 
Contralateral eyes 0.079 ± 0.006( 5) 1.147 ± 0.096 ( 5) 

* D. BSO, 4.0 mg 0.087 ± 0.008( 7) 0.540 ± 0.102 ( 7) 
Contralateral eyes 0.076 ± 0.005( 7) 1.152 ± 0.116 ( 7) 

All values are*represented as the mean± SEM. Sample num,ber given in 
parentheses. , value found statistically different (P<0.01) from value of 
contralateral eye by unpaired t-test. 
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7. Relative effects of 3-AT and BSO on Clearance of Elevated Levels of 

Anterior Chamber H
2
o

2
• 

Intracameral administrations of various concentrations of H
2
o

2 
were 

utilized to further delineate the relative roles of anterior segment 

tissue catalase and the glutathione redox system in detoxifying H
2
o

2 

present in the anterior chamber. The t½ of H2o2 disappearance, or the 

time required for the clearance of½ of the concentration of H
2
o

2 
from 

the anterior chamber aqueous humor to average base-line values following 

an intracameral injection of H
2
o

2
, was used as a quantitative measure of 

the kinetics of H2o2 clearance in these experiments. Intracameral 

injections of 10 µl of either 10 mM, 25 mM or so·mM H
2
o

2 
were performed 

in untreated, BSD-treated, and 3-AT-treated pigmented rabbits. 

For the 10 mM peroxide injection, the extrapolated zero time 

aqueous humor concentration was approximately 0.3 mM (Table 10)~ This 

concentration of H2o2 is of particular importance since this level of 

peroxide can be produced endogenously by increasing the concentration of 

aqueous humor ascorbate (Table 8). The t½ value was estimated by 

measuring the time necessary for the concentration of H2o2 to decrease 

from the extrapolated zero time concentration to the value halfway 

between the zero time value and the endogenous concentration of 79 µM. 

At this concentration of H
2
o

2
, the rate of peroxide loss from the 

anterior chamber most closely followed a linear decay. With 

intravitreal BSO treatment, the t½ for H2o2 disappearance from the 

anterior chamber increased from 47.3 seconds to 83.8 seconds. 

Suppression of catalase activity incr_eased the t½ to 66. 4 seconds (Table 

10). 

For the 25 mM H
2
o

2 
injection, the disappearance of H2o2 from the 

anterior chamber also most closely followed a linear decay. 'rhe t½ 
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values following the intracameral administration of 10 ul of 25 mM HO 
2 2 

increased from 141.4 seconds in untreated animals to 228.3 seconds in 

animals pretreated with intravenous 3-AT. Intravitreal BSO pretreatment 

showed little effect with the t½ increasing to 160.7 seconds. It should 

be noted, however, that the extrapol~ted zero time concentration for the 

group treated with BSO was 45% greater than the control value. The 

exact reason for this disparity is unknown (Table 11). 

An exponential rate of loss of H2o2 from the anterior chamber was 

observed following the intracameral administration of 10 µl of 50 mM 

H2o
2

• Treatment with intravenous 3,-AT increased the t½ from 38.5 

seconds to 90. 3 sec.ands. Intravitreal administr.ation of BSO increased 

the t½ value to 68.6 seconds (Table 12). It should be noted that a 1.0 

mg dose of intravitreal BSO was utilized in this experimental group 

rather than the 2.0 mg dose of the other treatment groups. Disruption 

of the blood-aqueous barrier.was observed following intracameral 

administration of 10 µl of 50 mM H2o2 and pretreatment with the 2.0 mg 

dose of BSO. The utilization of the lower dose of BSO prevented this 

toxic response without sacrificing the effectiveness of this compound in 

lowering total glutathione levels in anterior segment tissues (Table 5). 

The data indicate that the reduction of catalase activity and the 

suppression of total glutathione levels in ant~r~or segment tissues 

separately increase the t½ for the loss of H
2
o

2 
from the anterior 

chamber. Intravenous 3-AT treatment increased the t½ for all peroxide 

concentrations injected intracamerally. Compared to untreated eyes, the 

percentage increase in the t½ w&s directly related to the concentration 

of H
2
o

2 
injected into the eye. Administration of intravenous ·3-AT 

increased the t½ for the 10 mM, 25 mM and 50 mM H
2
o2 injections by 40%, 
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61% and 135%, respectively. Suppression of total glutathione levels 

also increased the t½ values for all peroxide concentrations injected 

into the anterior chamber. Compared to control_eyes, intravitreal BSO 

increased the t½ for the 10 mM, 25 mM and 50 mM peroxide injections by 

77%, 14% and 78%, respectively. 

The examination of the relative effects of BSO and 3-AT on peroxide 

kinetics indicates that the glutathione redox system plays a greater 

role at lower peroxide concentrations whereas catalase assumes a more 

prominent role at higher H
2
0

2 
levels. For the 10 mM peroxide injection, 

BSO pretreatment increased the t½ by 77%, whereas pretreatment with 3-AT 

increased it by only 40%. At both the 25 mM and 50 mM peroxide 

injections, however, 3-AT had a greater effect on the t½ than BSO. The 

t½ values after 3-AT pretreatment are 61% and 135% greater than control 

values at the 25 and 50 mM peroxide concentrations, respectively; those 

after BSO pretreatment are at 14% and 78%, thereby indicating a more 

significant role for catalase at greater peroxide concentrations. 



Table 10. 
The effect of intravenous 3-AT or in.travitreal BSO on peroxide 

kinetics following intracameral administration 

Time 

18 sec 

60 sec 

90 sec 

Extrapolated 
zero time 
concentration 

% increase in 
t½ compared 
to control 

of 10 ul of 10 mM H2o
2

. 

Anterior Chamber H202 Concentrations 

Control 3-AT (1. 5 g/kg) 

0.240 ± 0.043 (6) 0.241 ± 0.044 (7). 

0.134 ± 0.018 (7) 0 .195 ± 0.027 (6) 

0 .099 ± 0.008 (5) 0.141 ± 0.008 (4) 

0.270 mM 0.283 mM 

40% 

t½ = 47.3 sec t½ = 66.4 sec 

(mM) 

BSO (2 .O mg) 

0.315 ± 0.027 

0.281 ± 0.057 

0.190 ± 0.027 

0.349 mM 

77% 

t½ = 83.8 sec 

Values are the mean± SEM; sample number given in parentheses. 
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Table 11. 
The effect of intravenous 3-AT or intravitreal BSO on peroxide 

kinetics following intracameral administration of 
10 µl of 25 mM H

2
o2. 

Anterior Chamber H
2
o

2 
Concentrations (m.M) 

Time Control 3-AT (1. 5 g/kg) BSO (2.0 mg) 

18 sec 0.546 ± 0.048 (13) 0.602 ± 0.053 (6) 0.803 ± 0.079 (5) 

60 sec 0.462 ± 0.068 (8) 0.440 ± 0.043 (9) 0.690 ± 0.059 (5) 

180 sec 0.245 ± 0.032 (9) 0.352 ± 0.036 (7) 0 .377 ± 0.035 (5) 

240 sec 0.163 ± 0.042 (5) 0.341 ± 0.041 (4) 0.302 ± 0.017 (4) 

Extrapolated 
zero time 
concentration 0.574 mM 0.560 mM 0.833 mM 

% increase in 
t½ compared. 
to control 61% 14% 

t½ = 141.4 sec t½ = 228.J sec t½ = 160.7 sec 

Values are the mean ± SEM; sample number given in parentheses. 
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Table 12. 
The effect of intravenous 3-AT or intravitreal BSO on peroxide 

kinetics following intracameral administration of 
10 µl of 50 mM H2o2. 

Anterior Chamber n
2
o

2 
Concentrations (mM) 

Time Control 3-AT (1.5 g/kg) BSO (1.0 mg) 

18 sec 1.793 :t 0.105 (6) 1.986 :t 0.088 (6) 1. 737 ± 0.091 (6) 

60 sec 1.151 ± 0.087 (7) 1.437 ± 0.106 (7) 1.141 ± 0.099 (7) 

180 sec 0.179 ± 0.033 (7) 0.625 ± 0.105 (7) 0.400 ± 0.045 (7) 

Extrapolated 
zero time · 
concentration 2.49 mM 2.23 mM 2.01 mM 

% increase in 
t½ compared 
to control 135% 78% 

t½ = 38.5 sec t½ = 90.3 sec t½ = 68.6 sec 

Values are the mean± SEM; sample number given in parentheses. 
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8. Morphological Effects of H2o
2 

on the Corneal Endothelium. 

To assess the toxicity of intracameral H
2
o

2 
to the corneal 

endothelium, intracameral injections of 10 µl of 10 mM or 25 mM H
2
o

2 

were performed in untreated, 3-AT-pretreated or BSO-pretreated pigmented 

rabbits. Treatment with intracameral 50 mM H2o
2 

was not attempted 

because a toxic response was ascertained at 25 rnM H
2
0

2
. Eyes were taken 

for microscopy at either 2 or 24 hours after intracameral peroxide 

injection. Similar types of responses were observed at both time 

periods, but at 24 hours these changes were more pronounced. For this 

reason, the prints shown in this section are from 24 hours samples. 

Neither intravenous 3-AT nor intravitreal BSO pretreatment produced any 

morphological changes (Figures 6 and 7) in the corneal endothelium 

indicating that the suppression of catalase activity or the reduction of 

total glutathione levels alone is not damaging to this tissue. 

The intracameral administration of 10 µl of ~O mM H202 in the 

presence of 3-AT did not produce any significant changes in the 

morphology of the corne~l endothelium (Figure 8). Treatment with 

intravitreal BSO at this concentration of H2o2 produced morphological 

changes including minor disturbances of the apical membrane and cellular 

swelling (Figure 9). This concentration of H2o2 is of particular 

significance since the extrapolated zero time concentration of 

approximately 0.3 mM is near the level which can be produced 

endogenously by elevating the level of aqueous humor ascorbate (Table 

8). Additionally, this concentration is at the threshold of peroxide· 

toxicity for the perfused in vitro·cornea (Hull et al., ·1981). · Thus, 
I • 

the suppression of catalase activity in the corneal endothelium does not 

produce a pathological reponse to a bolus injection of H
2
o

2 
which 

91 



correlates to the highest concentration of_H2o2 that can be produced 

endogenously. Reduction of total glutathione levels of this 

concentration of H
2
o

2 
produces swelling of the corneal endothelium. 

More severe pathological changes in the corneal endothelium were 

observed following the intracameral administration of 25 mM H2o2 . - The 

extrapolated zero time concentration of approximately 0.7 mM for this 

dose of H2o
2 

is approximately 10 times the endogenous peroxide level. 

Fairly minor structural abnormalities were produced in this tissue with 

this concentration of H
2
o

2 
(Figure 10). The most prominent 

morphological change was vacuole formation. Reduction of catalase 

activity with intravenous 3-AT did not accentuate the damage produced by 

H
2
o

2 
alone ~Figure 11). Pretreatment with intravitreal BSO, at this 

dose of H
2
o

2
, however, produced dramatic dysmorphic changes in the 

corneal endothelium (Figure 12)e Large vacuole_formation with 

dysmorphic alteration of the apical membrane occurred. Additionally, 

lymphocyte infiltration was observed. Thus, the results of this 

morphological study suggests that the glutathione redox system may·be 

more important than catalase in maintaining the integrity.of the corneal 

endothelium at this concentration of H2o2 ~ 
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Figure 6. 

Corneal endothelial morphology 24 hours- after an intracameral 
injection of 10 µl of deionized water and pretreatment with 3-AT, i. v·., 
1.5 g/kg body weight. Normal appearance; A) note the tight junction 
near the apical membrane of the endothelium. B) Note the intact 
interdigitating border between adjacent endothelial cells. The nucleus, 
rough endoplasmic reticulum and the basal border adjacent to Descemet's 
membrane appear normal. (xll,000) 
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Figure 7. 

Corneal endothelial morphology 24 hours after an intracameral 
injection of 10 µl of deionized water and pretreatment with 2.0 mg of 
intravitreal BS0. Note the normal appearance of the corneal 
endothelium. (xl3,500) 
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Figure 8. 

Corneal endothelial morphology 24 hours after an intracameral 
injection of 10 µl of_lO mM H

2
0

2 
and. pretreatment with 3-AT, ·i.v., 1.5 

g/kg body weight. Note the normal appearance except for slight 
disturbance of the apical membrane. (x6000) 

95 



figure 9. 

Corneal endothelial morphology 24 hours after an intracameral 
injection of 10 µl of _10 rnM H20

2 
and pretreatment with 2.0 mg of 

intravitreal BSO. Note that the corneal endothelium is swollen. 
Otherwise, the appearance of this structure is fairly normal except for 
minor disturbance of apical membrane and an increase in electron- density 
at A. (xl3 ,000) 
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Figure 10. 

Corneal endothelial morphology 24 hours after an intracameral 
injection of 10 iil of 25 rnM H

2
o

2
. A) Note the large vacuole beneath the 

apical junction, and the presence of small vacuoles in cytoplasm (some 
may be grossly swollen mitochondria). There is also slight disturbance 
of the apical membrane. (xlO, 000) 
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F:Lgure 11. 

Corneal endothelial morphology 24 hours after an intracameral· 
injection of 10 µl of 25 mM H

2
02 and· pretreatment with 3-AT, i.v., 1.5 

g/kg body weight. Fairly normal appearance. Smooth endoplasmic 
reticulum and rough· endoplasmic reticulum appear intact. Note: A) 
Slight disturbance -of apical membrane. B) Disruption of mitochondrial 
cristae. (x20,500) · 
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Figure 12. 

Corneal endothelial morphology 24 hours after an intracameral 
injection of 10 µl of 25 mM. H

2
0 and pretreatment with 2.0 mg of 

intravitrea-1 BSO. Gross disrupiion·and swelling of the corneal 
endothelium. Note: A) Large vacuole formation. B) Disruption of 
apical membrane. ·C) Free ribosomes. D) Disruption of basal membrane. 
E) Lymphocyte infiltration. (xl0,000) 
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DISCUSSION 

1. Overview 

The two primary objectives of this study were to characterize the 

mechanisms involved in regulating the level of H
2
o

2 
in the aqueous humor 

and to ascertain the toxic effects of this compound on anterior segment 

tissueso It became apparent at an early stage in the study that the 

level of aqueous ascorbate as an indicator of the concentration of 

aqueous H2o2 was ·of importance. Long term oral 3-AT treatment. lowet·ed 

the ascor.bate· level in aqueous humor (Table 7). This result was· also

reported in a previous study (Bhuyan and Bhuyan, 1977). We found, 

however., a parallel decrease in the concentration of aqueous H
2
o

2 

accompanying this dramatic reduction in the level of aqueous ascorbate .. 

TbJs result stands in contradistinction to the earlier study by Bhuyan 

an~- ntiuya,t.r (l9']7) which showed a 2 to 3 fold increase in the level o-f 

a.qutou-s Hi>2 accompanying the 80% reduction of ascorbate. Furthermorei, 

the J.,.,AT mediated suppression of aqueous ascorhate and H
2
o

2 
was revet'sled. 

by intraperitoneal injections of 200 mg of ascorbate (Table 7). A 

direct correlation between the level of aqueous ascorbate and H
2
o

2 
was 

shown to occur based upon measurements of each value under a variety of 

experimental perturbations_ imposed upon the system (Figure 5). In all 

likelihood, the source_of aqueous H2o2 is aqueoui ascorbate as 

previously postulated (Giblin et al., 1984; Riley et al., 1986).: 

Specific inhibitors of both peroxide metabolizing systems were· 

utilized to ascertain the relative roles of· catalase and the glutathione 

redox system in regulating the endogenous level of aqueous H
2
o

2
. A dose 

response relationship was shown between intravenous 3-AT and catalase 

activity in ocular and systemic tissues. Maximum suppression.of 
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catalase activity was obtained with the dose of 1.5 g/kg body weight of 

intravenous 3-AT in the iris and ciliary processes (Table 8). Both BCNU 

and BSO were utilized to alter the activity of the glutathione redox 

system. Intravitreal BCNU lowered glutathione r~ductase activity in the 

iris by 79%, but this was not sufficient to lower the level of total 

tissue glutathione (Tables 3 and 4). The remaining glutathione 

reductase activity was sufficient tO' maintain the majority of 

glutathiotie in. the reduced state (Table 4). Intravitreal BSO, however, 

lowered total glutathione levels in the iris-ciliary body and the 

corneal endothelium by approximately 84% and 66%, respectively (Table 

5)" 

Neither intravenous 3-AT, nor intravitreal BCNU or BSO had any· 

effect on the level of endogenous aqueous H
2
o

2 
(Tables 7 and 9). 

Buthionine sulf_oximine, however, produced a dose dependent decrease in 

aqueous ascorbate thereby uncoupling the relationship between aqueous 
• I . 

ascorbate and H2o2 (Table 9). Intracameral injections of 10 µl of. 10· 

mM, 25 mM and 50 mM H2o2 w~re performed in the presence and absence of 

3-AT or BSO to further ascertain the relative roles of catalase and the 

glutathione redox ·system in the detoxification of aqueous H
2
o

2
• Each 

treatment separately inhibited the rate of H2o2 removal from the aqueous 

humor. Buthionine· sulfoximine had a greater effect than 3-AT on the t½ 

for H2o2 removal after the 10 mM peroxide injection, while 3-AT 

increased the t½ to a greater degree than that caused by BSO after 

either the 25 mM or 50 mM peroxide injection. The t½ values after 3-AT 

treatment were increased at all peroxide concentrations. Compared. to 

untreated eyes, the increase in the t½ was directly related to the 

concentration of H2o2 injected intracamerally (Tables 10, 11 and 12). 
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It appears. that both the .glutathione redox system and catalase have the 

capacity to regulate the H2o2 concentration in the anterior chamber. 

The toxic effects of H2o
2 

on the corneal endothelium were also 

ascertained through transmission electron microscopy. The intracameral 

administration of 10 µl of 10 mM H2o2 following pretreatment with 

intravenous 3-AT did not affect the morphology of the corneal 

endothelium (Figure 8). Intravitreal BSO in the presence of this 

concentration of H2o2 , however, produced swelling of the corneal 

endotpelium (Figure 9). This concentration of H
2
o

2 
is of particular 

importance because the extrapolated zero time concentration of 0.3 mM is 

near the level of H
2
o

2 
which can be produced endogenously by levels of 

aq1.1eous humor ascorbate that are reached after systemic administration 

('rable 8). 

Iritracameral administration of 10 µl of 25 mM H2o2 alone altered 

the morphology of the corneal endothelium with vacuole formation and 

possible swelling of mitochondria (Figure 10). Pretreatment with 3-AT 

in the presence of this dose of H2o2 produced_no further effect on these 

cells (Figure 11). Pretreatment with intravitreal BSO, at.this 

concentration of H2o2 , produced dramatic dysmorphic change~ in the 

corneal endothelium (Figure 12). Severe swelling occurred with damage 

to both apical and basal membranes. These results suggest that the 

glutathione redox -system may be more important. than catalase in 

maintaining the integrity of the corneal endothelium under these 

experimental conditions. 
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2. Ascorbate - Antioxidant or Pro~oxidant? 

The high concentration of ascorbate in the aqueous humor of diurnal 

animals has resulted in the instigation of many studies investigating 

the physiological role of this compound in the eye (Reiss et al., 1986). 

Chemically, ascorbate can act as a reducing and chelating agent. It has 

the capacity to act as a chain-breaking antioxidant during lipid 

peroxidation reactions by reacting directly with aqueous chain carrying 

peroxyl radicals. Ascorbate can also act indirectly to inhibit the 

propagation of lipid peroxidizing chain reactions by reducing the 

a.--toc.opheroxyl radical to a.-tocopherol. The -role of a.-tocopherol as. a , 

chain breaking antioxidant has been well established (Bendich et al., 

1986). 

The capacity of ascorbate to act as a reducing agent has led many 

to postulate that it acts in the eye as a photoprotective agent. Free 

radicals are formed in the cornea.and lens as a consequence of 

ultraviolet irradiation (Yamanshi et al., 1979). Ascorbate has been 

shown to ab_sorb most of the ultraviolet light which penetrates. the 

cornea (Ringvold, 1980). It has also been shown to protect the lens 

from light-induced damage (Varma et al., 1979). Light at the intensity 

used for reading purposes in the presence of riboflavin reduced the 

activity of the lenticular cation pump. Ascorbate at a concentration-

similar to that found in aqueous humor protected the ___ .cation pump of the 

lens by presumably reacting with photochemically produced superoxide 

anion radicals (Varma et al., 1979). 

Ascorbate can also undergo pro-oxidant conversion by generating 

oxidants that can induce. lipid peroxidation and other membrane changes. 

An example depicting this pro-oxidant conversion of ascorbate is shown 
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through its interaction with molecular oxygen and photoexcited 

riboflavin (Wolff et al., 1987). Photoexcited riboflavin obtains one 

electron from ascorbate producing_ the ascorbyl semiquinone radical and 

the riboflavin radical. The uns.table riboflavin radical autooxidizes 

and passes its electron to oxygen thereby producing the superoxide anion 

radical. The superoxide anion radical can either spontaneously 

dismutate to produce H2o
2 

or react with another molecule of ascorbate to 

produce H2o2 and dehydroascorbate. Thus, ascorbate through its ability 

to act as a reducing agent can indirectly produce a strong oxidant. 

Studies with electron spin resonance. spectroscopy have detected the 

ascorbyl semiquinone-free radical in bovine aqueous humor (Wolff et al., 

· 1987). The presence of the ascorbyl radical suggests that oxidation of 

ascorbate occurs normally in aqueous humor. The rate of ascorbate 

oxidation in the presence of o2 , however, is normally low as monitored 

by the rate of oxygen consumption. The rate of o2_ consumption and 

ascorbyl semiquinone radical formation can be dramatically increased in 

the presence of copper or photoexcited riboflavin. In either case, the 

interaction of these compounds produces H2o2• 

Our study is the third to report a direct correlation between the 

level of a_queous humor ascorbate and H
2
o2 • The exact mechanism for the 

endogenous production of H
2
o

2 
from ascorbate in aqueous humor is· 

unknown. A form of oxygen, however, is certain to be involved in the 

reaction. One proposed reaction is the interaction ?f the superoxide 

anion radical with ascorbate to produce H2o2 and the ascorbyl radical, 

kl= 1.4 x 10 7 - 5 x 104 M-1sec-l (Cabell± and Bielski, 1983). 
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The possibility that a photoexcited molecule in aqueous humor passes an 

electron to oxygen to produce superoxide certainly exists. Traces of 

riboflavin have been reported in the aqueous humor (Philpot and Pirie, 

1943). Thus, this compound in a photoex~t~ed stat~ may pass an electron 

to molecular oxygen to form the superoxide anion radical which can react 

with ascorbate to produce H2o2 and the ascorbyl semiquinone radical. 

Another possible mechanism for the production of H
12
o

2 
from 

ascorbate is the interaction of o2 , copper and ascorbate. Copper is 

also present in trace amounts in aqueous humor (Gerhard, 1966). It is 

increased approximately 30 fold in experimental ocular inflammation 

(McGahan and Bito, 1983). Copper is normally bound to ceruloplasmin and 

other proteins. One study showed that the absence of ascorbate in the 

aqueous humor of certain glaucoma patients was due to oxidation 

reactions mediated by copper. Aqueous humor samples of these glaucoma 

patients had a high copper content coupled with a low protein level. 

When ascorbate was added to these aqueous humor samples it was rapidly 

oxidized. The investigators concluded that the amount of protein 

present in the aqueous humor was insufficient to chelate the copper 

efficiently (Fong et al., 1987). Additionally, the binding of a 

transition metal to a protein does not necessarily inhibit the ability 

of the metal to alter its transition state and react with other 

molecules. The Ha.ber~Weiss reaction occurs between _o 2 T, H2o2 and· iron 

bound to hemoglobin, lactoferrin, transferrin and ferritin (Sadrzahen et 
al., 1984; Ambrusto and Johnston, 1981; Thomas et al., 1985; Motohashi 
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· and Mori; 1"983). Therefore, it is possible that poorly bound copper may 

oxidize ascorbate and indirectly produce H
2
o2. 

The ox:Ldation of ascorbate with the concomitant production of H
2
o

2 

is more likely to occur in an aerated bicarbonate Ringer solution than 

in aqueous humor. In fact, the addition of aqueous humor to a Ringer 

solution containing ascorbate inhibited the oxidation of ascorbate. The 

addition of glutathione also produced a ·decrease in the rate of H
2
o

2 

generation f·rom ascorbate (Riley et al., 1986). Glutathione may act as 

a reducing ·agent in the aqueous humor hindering the oxidation of 

· ascorbate. In our study, the intravitreal administration of BSO 

decreased the aqueous humor ascorbate concentration without affecting 

the level of aqueous humor H2o
2 

(Table 9)o This effect on the 

alteration of the correlation of aqueous ascorbate and H2o2 levels by 

BSO may be explained through this mechanism since this treatment also 

reduced the total glutathione content of the aqueous humor by 

approximately 70% (Table 6) Q This reduction· in the level of aqueous 

humor glutathione by BSO may have promoted the oxidation of aqueous 

humor_as~orbate with the concomitant production of H2o2• 

Since oxidants can be produced from ascorbate, the potential for 

toxicity to anterior segment tissues exists •. Riley and co-workers 

studied the toxicity of ascorbate on the in vitro cornea~ The corneal 

swelling rate was enhanced when ascorbate, at a physiological 

concentration of 1.0 mM, was added to a glucose deficient bicarbonate 

Ring~r perfusion medium. The addition of either glucose or catalase to 

the medium markedly reduced the swelling rate thereby attributing 

ascorbate toxicity to H
2
o

2 
(Riley et al., 1986). Our experiments with 

supplemental·ascorbate given systemically, to.the point of exceeding _the 
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saturat.ion of the ciliary epithelial transport system (Kinsey, 194 7), · 

'did not affect. ~he clarity of the cornea. Endogenous production of H
2
o

2 

under these ~ondition~ to the concentrations·of about 370 µM (Table 8), 

presumably from · ascorbate oxidation, did n6t ·have a gross morphological 

effect on· the cornea. · Suppression of catalase and glutathione reductase 

actiyities in the presence o~ elevated ascorbate and H2o2 also did not 

affect· corneal clarity~ Therefore, our attempt to produce oxidative 

stress to the corneal endothelium by endogenously elevating aqueous 

ascorbate did not materialize, at least, when judged morphologic;.ally and 

when examined in this model. The in vivo cornea appears to tolerate a· 

concentration of H202' which is toxic to the in vitro cornea since the 

threshold of peroxide toxicity to this tissue, in vitro, is 

approximately 300 µM (Hull et al., 1981)., 

The compounds employed in our experiments to inhibit antioxidant. 

systems also affected aqueous humor ascorbate concentrations. Long term 

oral 3-AT treatment lowered aqueous ascorbate by 80% (Table 7). 

Intravitreal BSO showed a dose dependent reduction in the level.of 

aqueous ascorbate with a maximum-suppression of approximately 50% (Table 

9). These inhibitors may alter the aqueous humor ascorbate 

~oncentration through ons or more of several mechanisms. 

One mechanism may involve the direct interaction of the inhibitor 

with the ascorbate transporting system in the ciliary epithelium. 

Ascorbate is presumed to be· actively transported across the ·ciliary 

epithelium since the concentration of ascorbate in the' aqueous humor is 

10 to 50 times that normally found in blood plasma. Ascorbate. levels 

rise in aqueous humor until a saturation level for the ascorbate 

transport system is reached in plasma following normal saturation 
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kinetics. Raising the plasma level beyond this saturation point· 

continues to elevate the aqueous ascorbate level through a diffusive 

process in excess of the transported ascorbate (Kinsey, 1947). 

Furthermore, radiolabelled ascorbate is accunnnulated by the rabbit· 

iris-ciliary body from the surrounding medium which is evidence for an 

active transport mechanism (Socci and Delamere, 1988). Metabolic 

inhibitors such as dinitrophenol and 0°C temperature inhibited this 

ascorbate uptake process in the iris-ciliary body suggesting that 

ascorbate accummulation is an energy dependent process. Oral 3-AT and 

intravitreal BSO may directly interact with the processes involved in 

the active transport of ascorbate across the ciliary epithelium leading 

to a lower concentration of this compound in the aqueous humor. 

Another indirect mechanism may be to lower aqueous ascorbate 

through intracellular ·changes associated with the suppression of the 

activity of the system targeted by the inhibitor. For instance, the BSO 

mediated reduction in the level of GSH may alter the activity of the 

ascorbate transport process or the redox state of ascorbate in the 

ciliary epithelium. The well documented role of glutathione as an 

intracellular-reducing agent may be involved in this process since the 

transport system does not concentrate dehydroascorbate (Socci and 

Delamere, 1988). Another possible mechanism may involve the 

susceptibility of the ascorbate transport system to oxidative stress. 

Increased intracellular gene_ration of H
2
o

2 
and other hydroperoxides may 

accompany the reduction of catalase activity or the GSH level. 
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3. Role of Catalase in Regulation of Endogenous H
2
o

2 
in Aqueous Humor. 

Earlier studies by Bhuyan and Bhuyan (1977) showed an elevation in 

the aqueous humor H2o2 concentrat:Lon during suppression of ocular tissue 

catalase activity regardless of whether 3-AT was administered orally or 

intravenously. These findings suggested that catalase activity of 

anterior segment tissues regulated the endogenous concentration of 

aqueous humor H
2
o

2 
to the nontoxic physiological level (Bhuyan and 

Bhuyan, 1977). Our work with intravenous 3-AT showed that similar 

inhibition of catalase activity as that obtained in the Bhuyan study had 

no effect on the endogenous level of aqueous humor H2o2 (Table 7). 

Paradoxically, our long term study with oral administration of 3-AT was 

found to cause the level of aqueous humor H2o2 to be lowered by 

approximately 60% (Table 7). This reduction in aqueous peroxide is 

attributed to the suppression of the aqueous humor ascorbate 

concentr~tion. Our study shows no evidence that catalase is involved in 

the regulation of the endogenous level of aqueous humor H2o2• 
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4. The 3-AT Cataract. 

Bhuyan and Bhuyan (1977) also found that oral administration of 

3-AT produced cataractous changes in the lenses of pigmented rabbits by 

the end of the second week of treatment. These investigators speculated 

that the elevated level of H2o2 coupled with reduced catalase activity 

· was the triggering mechanism for this cataract (Bhuyan and Bhuyan, 1977; 

1978). We were able to reproduce these cataractous changes in pigmented 

rabbits during long term oral 3-AT treat~ent (Table 2). Biochemically, 

however, our results differ from those reported by Bhuyan and Bhuyan. 

In their study a 200 to 300% increase in the level of aqueous humor H
2
o

2 

occurred while the .concentration of asc6rbate decreased by approximately 

65% (Bhuyan and Bhuyan, 1978). We found a parallel decrease in the 

concentrations of both aqueous humor ascorbate and H2o2 with the change 

in ascorbate being similar to that noted by Bhuyan and Bhuyan (Table 7). 

This 3-AT mediated suppression of aqueous humor H2o2 casts doubt on 

their conclusion that lenticular damage was due to oxidative stress 

produced by an elevated level of peroxide in the aqueous humor. 

An alternate explanation for the 3-AT induced cataract formation 

may involve the reo.uction of the aqueous humor ascorbate concentration. 

In a study of erythrocyte peroxidation re~ctions generated by 

photosensitized protoporphyrin,. it was observed that high concentrations 

of ascorbate inhibited changes associated _with oxidative stress whereas 

low concentrations of ascorbate accelerated peroxidation reactions 

(Girotti et al., 1985). Jhe presence of low concentrations of ascorbate 
. -

in the med·iuin ·may. h?-ve promoted the formation of photogenerated · reactive 

radical species such as the hydroxyl radical. (Buettner et ·al., 1984). 
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Ascorbate at higher concentrations, however, can also act as an 

antioxidant through its ability to act as a free radical sink. The free 

radical scavenging ability of ascorbate rests on it capacity to form the 

relatively inert ascorbyl semiquinone radical (Doba et al., 1985). The 

ascorbyl radical terminates free radical reactions by decaying through a 

disproportion~tion reaction which produces ascorbate and 

dehydroascorbate (Wolff et al., 1987). In the presence of a redox 

catalyst, the pro-oxidant or antioxidant effect of ascorbate is 

dependent upon the rate of ascorbate mediated oxygen centered free 

radical production and the concentration of ascorbate necessary to 

scavenge these radicals (Wolff et· al., 1987). It appears that the 

antioxidant effect of ascorbate is dominant at higher concentrations of 

this compound (Girotti et al., 1985). 

The reduction in the aqueous humor ascorbate concentration by long 

term 3-AT treatment may promote the generation of a pro-oxidant 

environment. Ascorbate normally functions as an extracellular 

antioxidant. This compound has the capacity to quench singlet oxygen 

and trap free radicals (Wolff et ~l., 1987). The reduction of the 

concentration of this extracellular antioxidant in the aqueous humor 

with long-term oral 3-AT treatment may promote tissue damage by free 

radicals and singlet oxygen produced by light energy. Furthermore, with 

oral 3-AT treatment, H2o2 is still present in.the aqueous humor. This· 

latter compound can react with transition metals and produce the 

extremely toxic hydroxy1: radical in an environment in which free radical 

protection is reduced. Thus, it is a possibility that the 3-AT cataract 

is produced.by the combined effects of free radicals produced· by light 

energy and H2o
2 

in ·a tissue with compromised catalase activity. 
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5. Effect of Catalase on Peroxide Kinetics Following Intracameral H,.,O. 

Other means to ascertain the role of catalase in the regulation of 

anterior chamber H2o2 were attempted since the suppression of catalase 

activity in anterior segment tissues had no effect on the endogenous 

level of aqueous humor H2o2 . Injections of various concentrations of 

H2o2 directly into the anterior chamber were performed in the presence 

and absence of 3-AT to ascertain the effect of tissue catalase on the 

rate of clearance of.H2o2 from the aqueous humor. 

An· injection of a small volume (iO µ1) into the anterior chamber 

should not appreciably alter the characteristics of this chamber, except 

for the inclusion of the exogenous chemical, sin·ce it contains 

approximately 200. µ1 of aqueous humor. The inj~cted solution should 

rapidly equilibrate within this chamber because of convection currents 

produced by the introduction of an extra volume and the flow of aqueous 

humor (Csukas, 1987). If the injected compound has a high membrane 

permeability coefficient, then it should traverse cell membranes and 

enter anterior segment tissues. Hydrogen peroxide has a permeability 

coefficient which is similar to those of water for a variety of 

biological membranes (Chance et al., 1979). Thus, intracamerally 

administered H
2
o

2 
is certain to enter anterior segment tissues such as 

cornea, iris, lens, trabecular meshwork and scler a .• 

The fate of intracamerally administered H2o2 is varied and 

dependent upon several variables. First, this compound may diffuse into 

the vasculature of the iris-ciliary body and leave the eye via the 

'bloodstream. Second, intracameral H
2
o

2 
may diffuse through the 

iris-ciliary body and into the posterior chamber. Third,~it may follow 

the conventional aqueous humor outflow pathway through the trabecular 
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meshwork and. into the aqueous and. episcleral veins. Fourth, H
2
o

2 
may 

react with iransition metals to produce the hydroxyl radical which may 

subsequently lead to lipid peroxidation or oxidation of cellular 

pro·teins. Additionally, it may react with nonenzymatic antioxidants 

such as ascorbate _and glutathione to produce water and either 

dehydroascorbate of glutathione disulfide. Finally, H
2
o2 may react with 

enzymatic antioxidants such as catalase and glutathione peroxidase 

(Csukas, 1987). In all likelihood, _the tissue enzymatic pathway is the 

major mechanism for the removal" of H2o2 from the anterior chamber 

because of the great turnover rate cif these enzymes. 

Due to the law of mass action, suppression of the activity of these 

tissue enzymes should lead to an elevation of the concentratibn of H2o2 

in the aqueous humor. Earlier work showed that suppression of catalase 

activity with 3-AT increased the t½ for the clearance of H2o2 from the 

anterior chamber following the intrac.ameral administration of 10 µl of a 

high concentration (100 mM) of H
2
o

2 
giying an aqueous humor 

concentration _of 3.3 mM. This increase in the t½ was dependent upon.the 

dose of 3-AT and, therefore, directly related to the loss of catalase 

activity (Csukas et al.; 1987). 

The present stµdy examined the effects of catalase activity 

suppression on the clearance of H
2
o

2 
from the ·anterior chamber with 

peroxide concentrations which were closer to the physiological level. 

3-AT .treatment increased the t½ for all concentrations of_ H2o2 injected 

intracamerally. Compared to control eyes, the• percentag·e increase in 

the t½ was directly related to the concentration of H
2
o

2 
injected into 

the eye. 3-AT administration increased the t½ for the 10 mM, 25 mM and 

50 mM H
2
o2 inj~ctions by 40%, 61% and 135%, respectively (Tables 10, 11 
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and 12). These results are consistent with the kinetic characteristics 

of catalase. The apparent K for this enzyme has been reported to range 
m 

from 70 mM to 1.1 M (Corin and Cox, 1980; Nicholls et al., 1963). This 

high apparent K indicates that catalase is more active at higher 
m 

~oncentrations of H2o2 . Our results show that-intracellulai catalase· 

plays an increasingly important role in the detoxification of anterior. 

chamber H2o
2 

with increasingly larger bolus injections of peroxide. The 

great capacity of .. _anterior segment tissues to detoxify H
2
0

2 
.probably 

rests on the ability __ of catalase to metabolize high concentrations of. 

H2o2 (Csukas et al., 1987; Delamere and Williams, 1985). 

The conditions just described obviously represent nonphysiological_ 

situations. However, there are certain situations in which large 

concentrations of H2o2 are_produced locally. For instance, in the 

peroxisome·, the organelle which contains catalase in most cell. ·types, a -

high level of H2o2 is produced as an enzymatic byproduct. through 

oxidation-reduction reactions with o2 (Chance et al., 1979). In all 

likelihood, the physiological role of catalase in these ce-11 types is to 

detoxify peroxide_produced in these organelle~. If the production of 

H
2
o

2 
from other cellular organelles or from an exogenous source exceeds 

the capacity of other cytosolic metabolizing systems, then peroxisomal 

catalase wi:11 metabolize the peroxide which diffuses into it· (Jones et 

al., 1981). This situation may.have occurred in our experiments. At 

. high concentrat~ons of H2o2 , the glutat~ione redox system may have been 

overwhelmed. a~d p_eroxisomal catalase became the main mechanism for the 

detoxification of H
2
o

2
. · 

Another situation in which catalase may be involved in the 

detoxification of endogenously produced H2o2 is during the inflammatory 
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response. Catalase ma~ protect anterior segment tissues _from H
2
o

2 

produced by infiltrating leukocytes (Delamere and Williams, 1985). 

Both neutrophils and macrophages·· undergo ·a ·"respiratory bur.st:!! when 

activated (Fantone and Ward, 1982). · This•process is•characterized by an 

increase in the consumption of molecular .oxygen with the concomitant 

production of oxygen centered free·radicals. The production of H2o
2 

_accompanies the generation of superoxide anion radicals by these 

activated phagocytes. Thus, high local conc·entrations of H2o2 may be 

generated during the inflammatory response •. Catalase may play a 

protective role during the inflammatory response by detoxifying H2o2 

produced locally (RaO et al. , 19 8 7) • 
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6. Glutathione·Metabolism in the Anterior Segment of the Eye. 

The role of glutathione and the glutathione redox system in the 

protection of anterior segment tissues against-oxidative stress has been 

the subject of many studies. Most studies have focused on the lens 

since it contains a very high concentration of glutathione which 

decreases with aging and ·cataract formation (Giblin et al., 1975). The 

glutathione redox system has been shown to be intimately involved· in the: 

detoxification of H
2
o

2 
by _the in vitro lens (Giblin et· al., 1982). 

Suppression of glutathione reductase activity by BCNU made the in vitro 

lens. more susceptible. to. oxidative da~age by H
2
o

2 
(Giblin and:· McGready, 

1983). It is well established that oxidative stress is involved in 

cataract development. and most studies sugges·t that the glutathione redox 

system is the primary defense mechanism against this• insult (Spector·et 

al., 1987). 

The role of the glutathione redox system in the regulation of 

corneal hydration is not as clear as it is for the maintenance of 

lenticular transparency. No.rmal hydration of· the perfused in vitro 

cornea was shown to be prolonged by the addition of. glut.athione to the 

perfusion medium (Dikstein and Maurice, 1972). Anothe·r study showed 

that glutathione disulfide was as effective .as glutathione·in 

maintaining corneal thickness at even lower.concentrations (Anderson et 

al., 1974). The quantitation of total glutathione levels and its re.dox 

state in the corneal endothelium showed that·corneal swelling in the. in 

vitro perfusion system could not be correlated to the total glutathione 

level, except when .this concentration ·fell below _one third of the.normal 

value (Ng and Riley, 1980). Correlated with this finding was the study 

indicating that perfusion of isolated cornea with 50 µMH 2o2; in the-< 
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absence of glucose, increased the oxidation of corneal endothelial 

glutathione which promoted corneal swelling (Riley and Giblin, 1983). 

Additionally, the inhibition of corneal endothelial glutathione 

reductase with 500 µM BCNU lowered total glutathio.ne levels by 71% and 

increased the oxidized fraction from 7% to 52%. This treatment caused a 

corneal swelling rate of 64 µm per hour, compared to Oto 8 µm per hour 

for control corneas. Addition of 50 µM H
2
o

2 
under identical conditions 

increased the swelling rate to 77 µm per hour and the oxidized fraction 

of total glutathione to 64% (Riley, 1984). These results suggest that 

corneal endothelial glutathione is involved in maintaining the cornea in 

a dehydrated state and its action through the redox cycle is important 

in protecting this tissue from H2o2• Other work, however, questions 

this role for glutathione by indicating that perfusion of isolated 

cornea with S-methylglutathione maintained corneal thickness equally as 

well as glutathione. The addition of a methyl group to glutathione 

prevents it from participating in.the redox cycle (Anderson and Wright, 

1980). Furthermore, these investigators showed that BCNU did not 

prevent the deturgescence of preswollen cornea (Anderson and Wright, 

1982). Thus, the role of corneal endothelial glutathione in maintaining 

the cornea· in a dehydrated state is unclear. 

Our study sheds some light on the role of glutathione in 

maintaining the integrity of the in vivo corneal endothelium. 

Intravitreal administration of BSO, the irreversible inhibitor of 

y-glutamylcysteine synthetase, lowered total glutathione levels in· the 

corneal endotheLium by approx~mately 65% (Table 5). Utilizing 

transmission electron microscopy, no morphological changes were noted in. 

the corneal endothelium at this suppressed level of glutathione (Figure 
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7). It should be noted that these in vivo conditions compromise the 

function and structure of the in vitro corneal endothelium (Riley, 

1984). In vivo, H2o2 is normally present at 79 µM. Additionally, BSO 

treatment lowered the concentration of total glutathione in the aqueous 

humor by 71% (Table 6). Thus, conditions which promote corneal 

swelling, in vitro, and that include the reduction in·the level of 

corneal endothelial glutathione, the presence of H2o
2 

in the perfusion 

medium and the absence of GSH in this medium do n·ot appear to produce 

toxic effects to the in vivo corneal endothelium. 

The introduction of H2o2 into the anterior chamber following BSO 

treatment, however, alters the morphology of the corneal endothelium. 

Extreme morphological damage was noticed in the corneal endothelium 

following intracameral administration of 25 mM H2o2 in the presence of 

BSO (Figure 12). This treatment produced pronounced swelling of the 

cornea since the tissue lost its transparency. One possible mechanism 

for this swelling is the breakdown of the endothelial barrier as 

previously shown following diamide and hydroperoxide treatment 

(Edelhauser et al., 1976). Diamide is a reagent which can oxidize 

glutathione to glutathione disulfide (Reed, 1986). 

Glutathione metabolism has also been examined in the trabecular 

meshwork with attempts to correlate its alteration with modifications in 

aqueous humor outflow facility. In vitro perfusion studies of the· 

anterior chamber with· reagents which bind su_lfhydryl groups have been 

shown to alter aqueous humor outflow facility (Epstein et al., 1981). 

Since glutathione is the major intracellular thiol, attempts_were made 

to assess the effect of its depletion on aqueous humor outflow facility 

in the presence· and absence of H
2
o

2
. Depletion of trab_ecular me_shwork 
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glutathione with diamide and BCNU did not affect aqueous humor outflow 

facility. The introduction of 25 mM H2o
2 

in the pr~sence of these 

glutathione inhibitors did decrease aqueous humor outflow facility (Kahn 

et al., 1983). These results indicate that oxidative stress can reduce 

aqueous humor outflow facility and, therefore, possibly play a role in 

the pathogenesis of glaucoma. 

It is important to correlate the biochemical and physiological 

changes which occur in the trabecular meshwork with oxidative stress to 

those associated with primary open~angle glaucoma. With advancing age, 

the cellularity of the trabecular meshwork decreases, with evidence of 

increased cell damage and cell death (Alvarado et al., 1984). These 

changes are accentuated in patients with primary open-angle glaucoma. 

It is possible that the extracellular material deposited in the 

juxtacanalicular tissue of glaucomatous eyes may represent some locus of 

oxidative injury similar to that seen with oxidation of lens protein in 

cataract (Epstein and Anderson, 1984). The· trabecular meshwork is 

exposed to H
2
o2 throughout a lifetime because the majority of the 

aqueous humor leaves the eye_by percolating through this tissue. The 

constant exposure of the trabecular meshwork to H2o2 may cause gradual 
. . 

damage which may be amplified in glaucomatous eyes. Recent work has 

demonstrated increased levels of the ~nd products associated with cell 

membrane lipid peroxidation in.the t:rabecuiar' meshwork of patients with 

primary open-angle glaucoma (Babizhayev and Bunin, 1989). 

This study p_rovides evidence that oxidative stress may be involved 

in the pathogenesis of primary open-angle glaucoma. The products of: 

lipid peroxidatio_n, such as aldehydes, may interact·with collagen 

disrupting the intermolecular cross-links between collagen fibrils and 
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damaging the collagen framework of the outflow pathway (Babizhayev and 

Bunin, 1989). Furthermore, the products of lipid peroxidation may 

oxidize protein sulfhydryl groups altering the activity of enzymes and 

membrane receptors. Glutathione may play an integral role in preventing 

the pathological effects of lipid peroxid~tion in the trabecular 

meshwork since glutathione peroxidase has the capacity to reduce toxic 

lipid hydroperoxides (Floh~, 1982). The utilization of BSO may help 

elucidate this possible role for glutathione since our experiments have 

shown this compound to effectively lower anterior segment tissue 

glutathione levels in vivo. 
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7. Alteration of Glutathione Metabolism: BSO Versus BCNU. 

Previous studies attempting to assess the role of glutathione in 

the detoxification of H2o2 by the in vitro cornea· and lens have utilized 

BCNU as the reagent to alter the activity of the redox cycle (Giblin and 

Mccready, 1983; Riley, 1984). The rationale for this approach centers 

on the inability of inhibited glutathione reductase to recycle 

glutathione disulfide to glutathione. This, theoretically, could lead 

to an accumulation of glutathione disulfide with a concomitant loss of 

glutathione. The peroxidase reaction of t4e redox cycle would, 

therefore, be rendered inactive due to the loss of its specific-reducing 

agent. 

In the study of Giblin and Mccready, BCNU lowered glutathione 

reductase activity in cultured lenses by 53%. This suppression of 

glutathione reductase activity, however, did not a;f ~.ect the total 

concentration of lenticular glutathione or its oxidized fraction. 

Incubation of lenses with H2o2 , in the presence of BCNU, did lower the 

level of total glutathione by 25% and increase its oxidized fraction 

from 6% to 26%. The rate of H2o2 removal from the medium, however, was 

unaltered by BCNU treatment. This result was not surprising since the 

majority of the total glutathione remained iri the reduced state (Giblin 

_and Mccready, 1983). For BCNU treatment tobe·effective in reducing the 

activity of the glutathione redox cycle, the aciivity of glutathione 

reductase must by completely inhibited, and the rate of glutathione 

loss, either through enzymatic degradation or oxidation to its disulfide 

form, must exceed its rate of synthesis~ 

In our study, the intravitreal administration of BCNU lowered 

glutathione reductase activity in the iris and ciliary processes by 
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approximately 70% (Table 3). This treatment did not significantly alter 

the total glutathione levels in this tissue (Table 4). If BCNU was 

utilized as the reagent to inhibit the glutathione_ redox system in our 

experiments assessing its role in anterior ch~mber peroxide kinetics, 

then an underestimation of this system's peroxide metabolizing capacity 

would have occurred. The inhibitor would have only hindered the 

recycling of glutathione disulfide to glutathione. It would not have 

had an effect on the initial reaction between H2o2 and glutathione that 

is mediated by glutathione peroxidase. 

For this reason, it was decided to utilize another compound to 

lower the level of total glutathione in anterior segment tissues. 

Buthionine sulfoximine had been shown to effectively lower total 

glutathione levels in a variety of tissues and cell types (Griffith, 

1982) . To our knowledge, only one· study has utilized BSO to lower 

glutathione levels in ocular tissues. Calvin and co-workers produced 

cataracts in preweanling male mice following repeated injections of BSO. 

Glutathione was not detected in the lenses of these treated animals 

(Calvin et al., 1986). In our study, maximum suppression of total 

glutathione levels in the iris-ciliary body and corneal endothelium by a· 

single intravitreal injection of BSO was 84% and 66%, respectively 

(Table 5). A possible reason for the retention of some glutathione by 

these tissues may be a differential effect of BSO on the glutathione 

content of subcellular organelles. BSO treatment of isolated 

hepatocytes completely depleted the·glutathione content of the cytosolic 

fraction of these cells. The mitochondrial fraction, however, retained 

50% of its glutathione (Romero and Sies, 1984). The glutathione 
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retained in our tissues after BSO treatment may have been localiz~d in 

the mitochondria. 

The glutathione content of the aqueous humor was also affected by 

BCNU and BSO, but in a different manner (Table 6). Intravitreal BSO 

reduced the total glutathio_ne concentration in the aqueous humor by 70%. 

This change coupled with a small ~bsolute decrease in the level of 

glutathione disulfide increased the oxidized fraction two-fold over 

control values •. Intravitreal BCNU increased the level of glutathiorie 

disulfide by 110% and its fraction of the total glutathione from 22% to 

63%. This treatment, however, did not significantly alter the total 

concentration of glutathione. 

The total glutathione concentration in the aqueous humor of the 

rabbit is approximately 15 µM with about 20% in the oxidized form (Riley 

et al. , 1980; Green et al., 1990). Several mechanisms have been 

proposed for the entry of glutathione into the aq~eous humor (Riley, 

1983). The lens contains a very high concentratio11 of glutathione and 

diffusion from this tissue may be partially responsible for the presence 

of this compound in ,the aqueous humor. Glutathione· may also diffuse 

from other anterior segment tissues including the corneal endothelium, 

iris, trabecular meshwork and ciliary body. ·Diffusion of glutathione 

from the blood may also occur through the ciliary body. The de novo 

synthesis of glutathione, however, in the aqueous humor is highly 

unlikely since this fluid is almost completely free of protein and 

enzymatic activity (Riley, 1983). 

Our data suggests a relationship between the level of anterior 

segment tissue glutathione and the concentration of this tripeptide in 

the aqueous humor. Intravitreal BSO lowered total glutathione levels i~ 
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the iris-ciliary body, the corneal endothelium and the aqueous humor by 

a similar percentage. This relationship supports the concept that 

glutathione entry into the aqueous humor occurs via diffusion from 

anterior segment tissues. In all likelihood, plasma glutathione is not 

the major source for aqueous humor glutathione since the intravitreal 

dose of BSO should not have had a significant effect on systemic levels 

of glutathione. 

The significance of µM-concentrations of glutathione in the aqueous 

humor has not yet been determined. In vitro studies have suggested that 

the presence of glutathione in the aqueous humor assists in the 

maintenance of normal corneal hydration (Riley et al., 1980). Ng and 

Riley showed that glutathione, at a concentration as low as 24 µM, 

maintains the normal hydration of the perfused in vitro cornea for up to 

5 hours (Ng and Riley, 1980). This protective effect of exogenous 

glutathione may be- mediated through the ability of this compound to act 

as an antioxidant. Glutathione may participate in a redox buffer system 

assisting in the elimination of free radicals present in the aqueous 

humor (Riley et al., 1980). This tripeptide may also protect membrane 

lipids from damage by H2o
2 

or free radicals. Additionally,· glutathione 

may maintain the integrity of endothelial cell membrane-protein thiols 

and thereby protect the.function of membrane receptors and enzymes 

(Riley, 19 83) . 

Our in vivo st~dy, however, suggests that corneal hydration is not 

significantly perturbed by reductions in the levels of total ~lutathione 

in the corneal endothelium and the aqueous humot. Corneal clarity·was 

maintained following the intravitreal administration of BSO, suggesting 

that excessive hydration of the cornea did not accompany the ~6% and 70% 
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reductions of the levels of total glutathione in the corneal endothelium 

and the aqueous humor, respectively (Tables 5 and 6). Our study, 

therefore, clearly demonstrates that total glutathione levels in the 

aqueous humor and the corneal endothelium can vary considerably without 

altering the function of the in vivo corneal endothelium. 
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8. Regulation of Endogenous Aqueous Humor H2o2 by the Glutathione Redox 

System. 

Our study is the first to address the possible involvement of the 

glutathiorie redox system in the regulation of aqueous humor H
2
o

2
• 

Previous work has suggested that aqueous humor ascorbate is the source 

of aqueous humor H2o2 (Giblin et al., 1984; Riley et al., 1986), ~hile 

its metabolism was suggested to be mediated by anterior segment tissue 

catalase activity (Bhuyan and Bhuyan, 1977). Bhuyan and Bhuyan 

concluded that the normal activities of glutathione peroxidase in 

anterior segment tissues was insufficient to maintain aqueous humor H
2
o

2 

at the physiological concentration. Our results, based upon experiments 

examining the effects of 3-AT on the endogenous aqueous humor H2o2 

concentration, stand in contradistinction to those reported by Bhuyan 

and Bhuyan. No evidence was found linking the reduction of anterior 

segment tissue catalase with an elevation of aque~us humor H2o2 • 

Therefore, it was deemed necessary to investigate the possible 

regulatory role of glutathione on the concentration of aqueous humor 

The steady state endogenous concentrations of aqueous humor H2o2 

and ascorbate were quantified following intravitreal injections of. 

either BCNU or BSO. These inhibitors were employed to reduce the level 

of glutathione in anterior segment tissues and the aqueous humor. The 

loss of tissue glutathione would render glutathione peroxidase, the 

major peroxide metabolizing component of the redox cycle, inactive. 

Intravitreal BCNU increased the steady state H
2
o

2 
level in the 

aqueous· humor by 27% without affecting the concentration of aqueous 

humor ascorbate (Table 9). Although this increase in the H2o2 
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concentration was found to be statistically insignificant, the 

alteration of the glutathione content in the aqueous humor by BCNU may 

have promoted this small increase in the peroxide level. Intravitreal 

BCNU increased the glutathione disulfide fraction of the total 

glutathione in the aqueous humor from 22% to 63% without affecting its 

total concentration (Table 6). A study by Riley and co-workers suggests 

that glutathione may act as a reducing agent in the aqueous humor and 

may suppress the rate of H2o
2 

formation from ascorbate (Riley et al., 

1986). Thus, the decrease in the aqueous humor GSH level by BCNU may 

have promoted a slight increase in the rate of Hz°z production from 

ascorbate. 

The reduction of total glutathione levels in anterior segment 

tissues and the aqueous humor, following intravitreal treatment.with 

BSO, decreased the concentration of aqueous humor ascorbate without 

affecting the level of aqueous humor H2o2 (Table 9). Buthionine 

sulfoximine pretreatment uncoupled the relationship between aqueous 

humor ascorbate and H2o2 , with the peroxide level being greater than 

that predicted by the level of aqueous humor ascorbate. 

One explanation for the alteration in this relationship is that the 

glutathione redox system is active in regulating the concentration of 

aqueous humor H
2
o

2
. The reduction in the level of glutathione may have 

decreased the rate of H2o2 metabolism in the anterior segment of the 

eye. This reduction in H2o2 metabolism, coupled with a decrease in the 

rate of H2o
2 

.formation due to the suppression of the ascorbate 

concentration, may have produced the· steady state aqueous humor H2o2 

concentration in the physiological range. Another possibility for the 

imbalance between the concentrations of ascorbate and H
2
o

2 
following BSO 
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pretreatment may involve the loss of the stabilizing influence of 

aqueous humor glutathione on the oxidation of aqueous humor ascorbate. 

The 70% reduction of the total aqueous .humor glutathione level may have 

promoted the oxidation of ascorbate with the concomitant production of 

It is of interest to note that the relationship between aqueous 

humor ascorbate and H
2
o

2 
levels in the aqueous humor is maintained 

during the reduction of catalase activity, but· is altered when the · 

glutathione redox cycle is impaired. This uncoupling effect on the 

relationship between ascorbate and H2o2 suggests a regulatory role for 

the glutathione redox system on the endogenous concentration of aqueous 

humor H2o2. 

One explanation for the apparent superiority of the glutathione· 

redox system over catalase in this regulato~y capacity is that the 

glutathione redox system is operative at moderate concentrations of

H2o2, whereas catalase, ·due to its high apparent_ Km, is more active at 

elevated levels of H2o2 (Reed,- 1986). The Kms for H2o2 of glutathione 

peroxidase from calf trabecular meshwork and bovine lens are 12 µMand 

45 µM, respectively (Scott et al., 1984; Bergad et al., 1982). The Ks 
m 

for the enzymes in these ocular tissues are in the range of the H2o2 

concentration in the aqueous humor. This kinetic parameter for 

glutathione·peroxidase is consistent with a possible regulatory role of 

this enzyme on the concentration of aqueous humor H2o
2

• Catalase, on 

the other hand, has been reported to·have an apparent K as high as 1.1 
m 

M (Nichols and Schonbaum, 1963). The affinity of catalase for H2o2 may 

-be too· low for this enzyme to be involved in the regulation of 

128 



endogenous aqueous humor H2o2• Thus, it is not surprising that 3-AT 

treatment did not elevate the concentration of aqueous humor H
2
o

2
• 

The capacity of the glutathione redox system to detoxify H
2
o

2 

depends upon several factors. These factors. include the enzymatic 

activities of glutathione peroxidase and glutathione reductase, the 

concentration and the oxidized fraction of glutathione, and the 

concentration and the·rate of generation of NADPH. Data from our study. 

and other studies show that these components of the glutathione redox 

system are present at a level which can effectively detoxify a wide 

range of H202 concentrations in the anterior chamber. Assuming a tissue 

wet weight of 70 mg, the iris-ciliary body, the major peroxide 

metabolizing tissue of the anterior segment (Nguyen et al., 1988), 

contains approximately 52 nmoles of glutathione. If all of the 

glutathione in the iris-ciliary body is utilized to reduce H2o2 , then 26 

nmoles of H2o2 can be metabolized through the glutathione peroxidase 

reaction without ·even considering the regeneration of GSH by glutathione 

reductasee There is normally 16 nmoles of H2o2 present in the anterior 

chamber assuming a volume of 200 µl (Csukas and Green, 1988) ~nd a H2o2 

concentratibn of 79 µM. Thus, there is sufficient glutathione prese~t 

in ~he iris-ciliary body to metabolize all of the endogenous H2o2 
present in the anterior chamber without utilizing the glutathione 

recycling ability of the glutathione redox system. 
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9. Effects of the Glutathione Redox System on Peroxide Kinetics 

Following Intracameral H
2
o

2
. 

Two important limiting factors for the ability of the glutathione 

redox system to detoxify H
2
o

2 
are the availability of glutathione for 

the glutathione peroxidase reaction and NADPH for the glutathione 

reductase reaction. If the rate of H
2
o2 production exceeds the cellular 

capacity to regenerate glutathione, then the glutathione perokidase 

dependent reduction of H2o
2 

shifts from a first order to a zero order 

reaction and the concentration of glutathione decreases possibly to a 

pathological level (Flohe, 1982). 

In the corneal endothelium, the ability of the glutathione redox 

system to regenerate glutathione was overwhelmed following an 

intracameral injection of 10 µl of 100 mM H2o2 (Csukas et al., 1987). 

The total glutathione (GSH + GSSG) content of the corneal endothelium 

was unaltered by this treatment, but the fraction of glutathione 

disulfide increased from control values of 5 to 10% to 80% at 18 seconds 

after peroxide injection. This fraction decreased gradually to near 

normal values within the next 20 to 30 minutes. The probable mechanism 

for this change in the redox state _of glutathione is that glutathione· 

peroxidase metabolized H
2
o

2 
and produced glutathione disulfide at a rate 

which exceeded the capacity of glutathione reductase to regenerate 

glutathione. 

The most obvious reason for this occurrence is the possibility that 

the rabbit corneal endothelium has greater glutathione peroxidase 

activity than glutathione reductase activity. In the rabbit lens, a 

great disparity between the activities of these two enzymes exists with 

glutathione peroxidase activity being 174 times greater than that of 
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glutathione reductase (Rathbun et al., 1983). In a coupled_enzyme 

system, the-maximal velocity of the system is essentially equal to the 

enzyme reaction rate of least velocity if a great discrepancy of maximal 

velocities exist between the two enzymes of the system (Rathbun and 

Bevis, 1986). Thus, in the rabbit lens., the maximal velocity of H
2
o

2 

breakdown by the glutathione redox system is essentially equal to, and 

governed by, the maximal velocity of the glutathione reductase reaction. 

Thus, one limiting factor in the detoxification of H2o2 by the corneal 

endothelium may be attributed to a relative lack of glutathione 

reductase activity as exemplified by the transient accumulation of 

glutathione disulfide during this oxidative stres~. 

Another factor limiting the rate of glutathion·e disutfide 

reduction, and thereby the capacity of the glutathione redox system to 

metabolize H2o2 , is the availability of NADPH. NADPH is a hydrogen 

donor in the glutathione reductase reaction. Several studies on the 

lens, the corneal endothelium and the retina have· linked the oxidation 

of glutathione with increased production of NADPH by the hexose 

monophosphate shunt (Giblin et al., 1981; Riley and Giblin, 1983; 

Winkler and Giblin, 1983). Additionally, two other enzymes not involved 

in the shunt, the NADP-dependent malic enzyme and isocitrate 

dehydrogenase, have been shown to produce NADPH in response to the 

oxidation of glutathione in the retina (Winkler et al., 1986). The 

specific rate of glutathione oxidation which exceeds the ability of 

these tissues to generate NADPH is riot known. 

It appears, however, that the iris has great capacity to metab6lize 

peroxides without altering the status of its glutathione. ·Perfusion of 

in vitro bovine eyes with 5 mM t-butyl hydroperoxide for- 30 minutes did 
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not change the total glutathione concentration or its oxidized fraction 

in the iris (Kishida et al., 1985). T-butyl hydroperoxide was utilized 

rather than H2o2 in this experiment to exclude any peroxide metabolism 

by catalase .. Glutathione peroxidase has the ability to reduce various 

hydroperoxides whereas catalase activity is specific for H2 □ 2 (Chance et 

al., 1979). This study clearly demonstrates that the reductive capacity 

of the glutathione redox system of the bovine iris is not overwhelmed by 

the constant perfusion of a high concentration of H
2

0
2 

for an extended 

period of time. 

In the regulation of anterior chamber H2o2 , the antioxidant status 

of the iris is of particular importance since this tissue, of all 

anterior segment tissues, has the greatest ability to metabolize H
2
o

2
· 

(Csukas et al., 1987). In the calf eye, the rate of removal of H2o2 by 

the excised iris is more than 6-fold greater than the combined rates of 

the lens, cornea and trabecular meshwork (Nguyen et al., 1988). In our 

experiments, it is probable that the majority of changes in H
2
o

2 

kinetics following 3-AT or BSO treatment reflect reductions in either 

catalase activity or glutathione levels in the iris. 

Our study is the first attempt to quantify the capacity of the 

glutathione redox system to metabolize anterior chamber H
2
o2 . Compared 

to untreated eyes, diminished levels of total glutathione in anterior 

segment tissues ·1ed to an increase in the t½ for H2o2 removal from the 

anterior chamber by 77%, 14% and 78% for the 10 mM, 25 mM and 50 mM 

peroxide injections, respectively (Tables 10, 11 and 12). These ri~ults 

suggest that the glutathione·r~doi system has the-~apacity·to regulate 

H2o2 levels in the aqueous humor. 
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Examination of the relative effectiveness of tissue catalase and 

the glutathione redox system in detoxifying elevated levels of H
2
o

2 
in 

the aqueous humor revealed that the glutathione influence on H
2
o

2 

metabolism is greater than that of catalase at concentrations nearer the 

endogenous level. This result may reflect the greater affinity of 

glutathione peroxidase for H2o2 since it has a lower Km for H
2
o

2 
than 

catalase (Reed, 1986). The clearly dominant roie for catalase on the 

clearance of anterior chamber H2o2 at high concentrations may be 

attributed to the greater activity of this enzyme ~t higher H2o
2 

concentrations (Freeman and Crapo, 1982). Tissues of the anterior 

segment may depend more on catalase at elevated levels of H2o2 to avoid 

glutathione depletion and glutathione disulfide accummulation. 

The H
2
o

2 
concentration in the aqueous humor at which catalase 

assumes a dominant metabolic role can only be roughly estimated from our 

data. At the extrapolated zero time concentration of approximately 0.3 

mM H2o2 , it appears that the glutathione redox sys~em is primarily 

involved in the metabolism of anterior chamber H2o
2

• Conversely, at the 

highest H2o2 concentra_tion injected intracamerally, with an extrapolated 

·· zero time concentration of approximately 2. 0 mM, catalase ass·umed the 

dominant metabolic role. Therefore, between the extrapolated 

conc.entrations. of O. 3 mM and 2. 0 mM H
2
o

2
, a transition occurs from the 

relative dominance of a glutathione mediated route of peroxide 

metabolism to one dominated by catalase. The specific concentration ~t· 

which this transition occurs cannot be ascertained from our data. An 

intracameral injection of an intermediate concentration of H2o2 of 25 mM 

provided inc.onc·lusive results because of· a discrepancy in the zero time 

concentrations between the BSO group and the control group (Table 11). 
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10. Relative Protective Roles of Catalase and the Glutathione Redox 

System in the Corneal Endothelium. 

Our study clearly demonstrates that impairment of the glutathione 

redox system causes great_er morphological damage to the corneal 

endothelium than does reduction of catalase activity at the same 

peroxide concentration. Earlier work has shown the significance of the 

glutathtone redox cycle as an important antioxidant defense system in a 

variety of cell types including tumor cells, vascular endothelial cells 

and lens epithelial cells (Arrick et al., 1982; Harlan et al., 1984; 

Suttorp et· al., 1986; Giblin et al., 1983). The study of Suttorp et al. 

(1986) demonstrated that catalase of porc_ine pulmonary endothelial cells 

had a far greater capacity to metabolize H
2
o2 than did the glutathione 

redox system, but that the maintenance of the glutathione cycle was 

necessary to protect these cells against H
2
o

2 
generated in an 

extracellular environment. Inhibition of catalase by 96% in the 

presence of exogenous H
2
o

2 
did not damage these-cells·. Alteration of 

the glutathione redox cycle, however, with BCNU or BSO, and with 

catalase activity intact, dramatically increased the cytotoxicity of 

extracellular H
2
o

2
. Furthermore, combined inhibition of catalase and 

the glutathione redox cycle did not increase the cytotoxicity of 

exogenous H
2
o

2 
beyond that of glutathione depletion alone •. Th~se 

results suggest that the glutathione redox system is more important than 

catalase in protecting porcine endothelial cells against an 

extracellular load of H
2
o

2
. It further demonstrates that the superior 

protective role of the glutathione redox system may not be directly 

related to its capacity to metabolize H2o
2

. Hydrogen peroxide may 

initiate a chain of ev.ents in these endothelial cells that may lead to 
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the formation of toxic lipid hydroperoxides which can_ only,be 
. ·, \ 

metabolized by the glutathibne redox,system (Suttorp et al., 1986). 

There are correlates between this study on the effects of oxidative 

stress on cultured porcine pulmonary arterial endothelial cells and our 

morphological study of peroxide effects on the corneal endothelium. 

Damage to both cell types produced by H2o2 occurred only when the 

activity of the glutathione redox system was impaired. This 

cytotoxicity occurred despi~e the presence of the far greater peroxide 

metabolizing capacity of catalase in both cell types. The catalase 

activity of the cultured pulmonary arterial endothelial cells was.almost 

-
2000-fold greater than that of glutathione peroxidase (Suttorp- et al., 

1986). In the corneal endothelium, Bhuyan and Bhuyan (1977) reported 

that the peroxide metabolizing capacity of catalase was more than 

12-fold greater than that of glutathione peroxidase. Additionally, they 

reported that the catalase activity of the iris, the major peroxide 

metabolizing tissue of the ocular anterior segment, was almost 175 times 

greater than that of glutathione peroxidase (Bhuyan and ~huyan, 1977). 

Our study further demonstrated that the changes in peroxide ki_netics 

caused by the suppression of either catalase activity or total 

glutathione levels following the intracameral administration of 25 mM 

H
2

0
2 

could not be directly related to corneal endothelial damage. 

Suppression of catalase activity increased the t½ for fi 2o2 loss from the 

-anterior ·chamber to a greater degree than the reduction of total 

glutathione levels at this dose of H2o2 . The tissue response, however, 

·was more severe with the reduction-of total glutathione levels. Thus, 

it appears that there may be other factors involved in the cytotoxic 

response to H
2
o

2 
following impairment of the glutathione redox cycle 
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that do not relate to the total peroxide metabolizing capacity of this 

system. 

The specific reasons for the apparent superior protective role of 

the glutathione redox system over catalase in our study is not known. 

One possibility, however, may involve the compartmentalization of the 

two peroxide metabolizing systems in different regions of the cell 

(Suttorp et al., 1986). Catalase is compartmentalized in pe_roxisomes of 

hepatocytes, and has also been localized in microperoxisomes of kidney 

tubular epithelial cells and smooth muscle cells (Chance et al., 1979). 

The components of the glutathione redox system are present in the 

cytosol and mitochondria of several cell types (Floh~, 1982). In 

hepatocytes, a segregation of enzyme function was related to the 

cellular site of peroxide production. Glutathione peroxidase 

preferentially metabolized the majority of H2o2 produced at the 

endoplasmic reticulum while catalase was dominant in the peroxisome 

(Jones et al., 1981). Although the intracellular distribution of these 

enzymes in the corneal endothelium has not been examined, it is possible 

that this enzymatic compartmentalization exists in this cell type-. 

In our experiments, an exogenous load of H2o2 was administered to 

the corneal endothelium. The regions of these cells in contact with the 

greatest. conc_entration of H2o2 , the apical membrane and its. adjacent 

cytoplasm, may be exclusively protected by the glutathione redox system. 

Theiefore, it is not surprising that the cytotoxic effect of the 

reduction of.total gluta~hione levels in the presence of exogenous H202 

was revealed in our study by massive damage to the apical membrane 

(Figure 12). 
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Another possible reason for the apparent superior protective role 

of the glutathione redox system in our study may involve its capacity to 

effectively reduce lipid hydroperoxides. Catalase does not metabolize 

hydroperoxides efficiently (Chance et al., 1979). Membrane phospholipid 

peroxidation may be one consequence of oxidative stress. Lipid 

peroxidation is initiated when a hydrogen atom is abstracted from a 

methylene group of a polyunsaturated fatty acid to form a lipid radical. 

Although H2o2 cannot directly initiate lipid peroxidation, the hydroxyl 

radical, the breakdown product of H2o2 via the Haber-Weiss reaction, has 

sufficient reactivity· to initiate this process (Kappus, 1985). The 

lipid radical can then react with molecular oxygen to form a lipid 

hydroperoxy radical which can be reduced by another lipid to produce a 

lipid hydroperoxide (Kappus, 1985). 

Changes in the membrane associated with lipid peroxidation may 

activate phospholipases. Previous studies have reported that 

phospholipases A and Care able to hydrolyze lipid hydroperoxides from 

the cell membrane (Yasuda and Fujita, 1977; Barker and Brin, 1975; 

Sevanian et al., 1983). The elimination of peroxidized fatty acids by 

phospholipase may expedite the detoxification of these compounds to the 

corresponding hydroxy fatty acids by cytosolic glutathione peroxidase 

(Sevanian et al., 1983). 

Glutathione peroxidase has the capacity to reduce a wide variety of 

lipid hydroperoxides including linoleic acid hydroperoxide, methyl 

hydropeioxy-octadecadienoates, ~holesteryl hydrbp~roky

octadecadienoates, prostaglandin G2 , 15-hydroperoxy prostaglandin E1 and 

many other~ (Floh~, 1982). Generation of these compounds may be toxic 

to cells. 
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Of particular interest is the ability of glutathione peroxidase to. 

reduce the products of the enzymatic oxidation of arachidonic acid._ All· 

primary products of the lipoxygenases and cyclooxygenase are 

hydroperoxides. In vitro, glutathione p·eroxidase has ttie cap~city to 

reduce these physiologically significant compounds. ·rt•is uncertain, 

however, whether glutathione peroxidase has a regulatory effect on 

prostaglandin biosynthesis, in vivo, since cyclooxygenase has intrinsic 

hydroperoxidase activity (Flohe, 1982). 

It is more probable that leukotriene biosynthesis is altered by the 

activity of glutathione peroxidase. The initial products of the 

5-lipoxygenase reaction is a 5-hydroperoxy acid which can.be reduced by 

glutathione peroxidase (Flohe, 1982). The product of this reaction, 

15-hydroxy-5,8,11,13-eicosatetraenoic acid, has been shown to inhibit 

the 5-lipoxygenase of leukocytes and the 12-lipoxygenase of platelets 

(Flohe, 1982;' Vandeshoek et al., 1980). The physiological significance 

of the interaction of glutathone peroxidase with products of the 

lipoxygenase pathway remains to be determined. 

Although our present study clearly demonstrates that the 

glutathione redox system is superior to catalase in maintaining the. 

integrity of the cor.neal endothelium during oxidative stress, -there are 

conditions in which catalase assumes an important protective role. 

Previous work in our laboratory demonstrated that 3~AT caused a young 

rabbit eye to show a strong pathological response to an intracameral 

injection of 10 ·µl of 100 mM H2o2 . The young eye normally had a small 

response to this exogenous load of ~eroxide (Csukas et al., 1987; 

Birnbaum et al., 1987; Costarides et al., 1988). The normal adult 

rabbit eye responded vigorously to this exogenous intracameral 
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concentration of H
2
o2 , and 3-AT pretreatment produced a more severe 

response. The difference in the response between the young and adult 

rabbit eye to this intracameral dose of n
2
o

2 
was related to the 

demonstrated loss of anterior segment tissue catalase activity with 

increasing age (Csukas and Green, 1988). The extrapolated zero time 

concentration for H
2
o

2 
in these studies was approximately 3 mM. At this 

concentration of anterior chamber H
2
o

2
, catalase clearly is involved in 

a protective capacity. Furthermore, this pathological response to H2o2 

with reduced catalase activity was directly related to an increase in 

the t½ for peroxide loss from the anterior chamber with 3-AT 

pretreatment (Csukas et al., 1987). Thus, the exacerbated toxic 

response to H
2
o

2 
with suppression of anterior segment ·tissue catalase 

activity is directly related to changes in peroxide kinetics. 
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11. Summary· and Conclusion. 

The pathological manifestations of oxidative stress in the anterior 

segment of the eye may be great. This process is clearly involved in 

cataract formation _(Garner and Spector, 1980) and most recent work has 

linked it to the pathogenesis of primary open-angle glaucoma (Babizhayev· 

and Bunin, 1989). The specific role of aqueous humor H2o2 in these 

pathological changes associated with oxidative stress is presently 

uncertain. The potential, however, certainly exists that H
2
o

2 
may 

initiate or augment these pathological changes since this compound is a 

strong oxidant. 

Our study attempted to characterize the mechanisms regulating the 

concentration of this oxidant in the anterior chamber. In all 

likelihood, the source of aqueous humor H2o2 is aqueous humor ascorbate. 

Met·abolism of this compound by anterior segment tissues is primarily 

mediated by the glutathione redox system at low to moderate 

concentrations of H2o2 , while catalase becomes increasingly important in 

this capacity as peroxide concentrations increase. 

Evaluation of the toxicity of H2o2 to the in vivo corneal 

endothelium was also ascertained in this study. A patholo-gic response 

was observed with .an extrapolated zero time concentration of H2o2 which 

is approximate.J..y 10 times that of the endogenous peroxide level. Thus, 

there are substantial protective mechanisms present in anterior segment 

tisst1es which act to buffer the oxidizing potential of this compound. 

Of these :protective mechanisms, it appears that the glutathione redox 

system plays an integral role, sinc_e a reduction in its activity greatly 

exacerbates the pathologic response t6 H20j, 
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