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Abstract:

Release of arachidonic acid (AA) is a neurotoxic mechanism of oxidative nature in trauma and ischemia. We studied ebselen effects

on AA and 4-hydroxynonenal toxicity in rat cortical neurons in simulated ischemia in vitro by assessing cell viability and glutathione

concentration. Ebselen normalized neuronal viability diminished by AA and 4-hydroxynonenal and increased glutathione level in

normoxia and ischemia. AA elevated the glutathione level by 52 and 14% and 4-hydroxynonenal by 63 and 39% in normoxia and

ischemia, respectively. Ebselen augmented the effect of AA in normoxia and diminished it in ischemia. Effect of 4-hydroxynonenal

was similarly modulated by ebselen.

Key words:

neuron, ischemia, arachidonic acid, 4-hydroxynonenal, ebselen, glutathione

Abbreviations: AA – arachidonic acid, Ebs – ebselen, GPx –

glutathione peroxidase, GSH – glutathione, HNE – 4-hydroxy-

nonenal, HPGPx – hydroperoxide glutathione peroxidase,

MEM – Minimum Essential Medium, Eagle, MTT – 3-(4,5-di-

methylthiazol-2-yl)-2,5-diphenyltetrazolinum bromide, PBS –

phosphate-buffered saline

Introduction

Release of free fatty acids from neuronal membranes

is one of the first episodes in the sequence of events

accompanying the primary nervous tissue injury of

different origin [4]. In experimental animals, a signifi-

cant elevation of free fatty acids can be observed as

early as one minute after trauma [8]. Due to the spe-

cific composition of neuronal membranes and activa-

tion of phospholipases A� and C in the course of cen-

tral nervous system injury, arachidonic acid (AA;

20:4, n-6) is the primary fatty acid released from cyto-

plasmic membranes. It was detected that 6 h after the

initial trauma, levels of free AA in injured neurons

can exceed 20 times the control values [17]. AA can

exert numerous harmful effects on neuronal metabo-

lism. For example, a short exposure to this fatty acid

can induce oxidative stress, increase intracellular cal-

cium levels and activate nuclear factor-B in spinal

cord neurons [15, 20]. In addition, a prolonged expo-

sure to AA results in decreased viability of cultured

spinal cord neurons and in cell death. Similar AA-me-

diated effects, such as induction of oxidative stress, ele-

vating calcium levels, activation of protein kinase C,

or compromised cell survival, were reported in experi-
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ments with cultured hippocampal neurons or with neu-

ronal cultures prepared from fetal rat striatum [13].

As a polyunsaturated fatty acid, AA can undergo

peroxidation in cellular systems. In fact, it was dem-

onstrated that susceptibility to fatty acid peroxidation

was related to the number of unsaturated bonds in

a fatty acid molecule. Among different potential pro-

ducts of AA peroxidation, 4-hydroxynonenal (HNE)

may play one of the most important roles [14, 16].

Although antioxidants were demonstrated to pre-

vent toxicity mediated by AA, no specific metabolite

or pathway has been identified to be responsible for

the neurotoxicity of this fatty acid.

Ebselen [2-phenyl-1,2-benzisoselenazol-3(2H)-one]

(Ebs) is a lipid soluble seleno-organic compound that

exhibits a weak glutathione peroxidase (GPx)-like ac-

tivity in vitro. Ebs is effective against membrane hy-

droperoxides, it inhibits both nonenzymatic and enzy-

matic lipid peroxidation in cells, decreases calcium

influx from intracellular compartments due to inosi-

tol-3-phosphate (IP�) receptor inhibition, directly in-

hibits 5-lipoxygenase, nitric oxide synthases, NADPH

oxidase, protein kinase C, and ATPase by chemically

modifying an SH-group forming a selenosulfide com-

plex [19]. Ebs has neuroprotective, anti-inflammatory

and immunomodulatory activity in various animal mo-

dels as well as in clinical studies (for review see [2]).

Its anti-inflammatory features depend on cyclooxyge-

nase-2 and lipooxygenases inhibition as well as on its

effect on nitric oxide synthase-2 expression. Small

molecular dimensions enable Ebs to reach compart-

ments, where GPx and hydroxide glutathione peroxi-

dase (HPGPx) are not abundant. Selenium in Ebs re-

mains bound, hence, it does not demonstrate a typical,

strong cytotoxic action.

In order to examine the combined effects of AA

and ischemia in cultured cortical neurons, parallel ex-

periments were carried out in normoxic and ischemic

conditions. The aim of this study was to investigate

the effect of Ebs in experimental ischemia.

Materials and Methods

Cortical neuron cultures

The study was approved by Local Ethics Committee

for the Animal Experimentation. Cultures of cortical

neurons were maintained on serum-free Neurobasal

medium, according to Brewer with some modifica-

tions [5]. Briefly, cortical neurons were obtained from

17-day-old rat fetuses, dissected, minced, and digested

for 30 min at 37°C in 0.67 mg/ml solution of papain

(Roche) in serum-free MEM (Minimum Essential

Medium, Eagle) containing penicillin (100 U/ml) and

streptomycin (100 mg/ml), and were centrifuged

(800 × g for 5 min). After trituration in 40 �g/ml

DNase (Roche) in MEM, the cells were resuspended

in MEM with 10% fetal bovine serum (MEM10). The

cells were seeded in polyethylenimine-coated (Fluka)

dishes at a density of 3 × 10� cells per 60 mm dish and

maintained in an incubator at 37°C in 10% CO. The

initial MEM10 medium was removed 8 h after the

cells were seeded and replaced with serum-free Neu-

robasal medium containing B27 supplement, 2 mM

glutamine, 100 �g/ml gentamycin and 2.5 �g of fun-

gizone. On the third day in vitro, cultures were sup-

plemented with 5.4 × 10�� M 5-fluoro-5’-deoxyuridi-

ne (Sigma) and 1.4 × 10�� M uridine (Sigma). Twice

a week, one-third of the medium in each culture dish

was removed and replaced with fresh Neurobasal me-

dium, supplemented as described above. Cells were

identified using monoclonal antibody against MAP-2

(Santa Cruz) protein. Cortical neuronal cultures were

utilized for experiments 10–14 days after seeding,

when the cultures were considered to be mature and

stable. Under the culture conditions, approximately

90–95% of cell in the cultures were neurons.

Simulation of ischemic conditions

Ischemic conditions were simulated in vitro by incu-

bation of cultures at 37°C in 92% N� 3% O�, 5% CO�,

(Heraeus incubator, BB 6060) humidified atmosphere

with simultaneous glucose deprivation required for

the ischemia in vitro model. Experiments were carried

out parallelly under normoxic and ischemic (24 h)

conditions. Each experiment was performed three

times.

Treatment of cells

Cortical neuronal cultures were treated with 10 �M

AA (Fluka). Some cultures underwent 2-h pretreat-

ment with 1, 10 or 20 �M Ebs (Sigma) before ische-

mia, while the equal volume of medium was added to

control groups.
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Preparation of experimental media

Stock solutions of AA and 4-hydroxynonenal (HNE)

(Sigma) were prepared in absolute ethanol and diluted

1000 times to achieve the working concentrations in

the experimental media. Corresponding amounts of

ethanol were added to the control cultures. Ethanol

concentration did not exceed 0.1% and it did not af-

fect cortical neuronal cultures (data not shown).

Stock solution of Ebs (40 mM) was prepared in di-

methyl sulfoxide (DMSO). Final concentration of

DMSO administered with Ebs to cellular medium

never exceeded 0.5%.

Cell viability

The viability of cells and their mitochondrial func-

tions were evaluated with 3-(4,5-dimethylthazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT, Sigma) con-

version method. The cell ability to convert MTT indi-

cates mitochondrial integrity and activity, which

might in turn indicate cell viability. The cleavage of

tetrazoline ring in MTT is catalyzed mainly by the mi-

tochondrial succinate dehydrogenase and depends on

the activity of the respiratory chain and the redox state

of the mitochondria. MTT (final concentration of

0.25 mg/ml) was added to the medium three hours be-

fore the scheduled end of the experiment and then the

cultures were incubated at 37°C under appropriate

conditions. At the end of the experiment, after being

washed twice with PBS (phosphate-buffered saline),

cells were lysed in 100 �l of DMSO which enabled

the release of the blue reaction product formazan.

Absorbance at the wavelength of 570 nm was read

on a microplate reader and results were expressed

as a percentage of absorbance measured in control

cells.

Glutathione concentration measurement

The cell-permeable monochlorobimane (MCB) has

been extensively used for quantifying glutathione

(GSH) levels in live cells. GSH is specifically conju-

gated with MCB to form a fluorescent bimane-GSH

adduct, in a reaction catalyzed by glutathione S-trans-

ferase (GST). MCB stock (100 mM) was made in di-

methyl sulfoxide (DMSO) and diluted to 40 �M be-

fore experiment. Neurons cultured in 96-well plates

were incubated with 40 �M monochlorobimane for

30 min at room temperature. Fluorescence of bimane-

GSH conjugate was quantified using Fluoroscan mi-

croplate reader (Labsystems, Finland). The dye was

excited at 395 nm, and emission was filtered using

a 460 nm barrier filter. GSH level was expressed as

a percentage of control cells.

Statistical analysis

Data were analyzed statistically using a one- or two-

way analysis of variance (ANOVA) and post-hoc Stu-

dent-Newmann-Keuls test using Statistica 5.0 software

(Statsoft, USA). Statistical probability of p < 0.05 was

considered significant.

Results

Viability

Viability of neurons was assessed by MTT conversion

method. Under normoxic conditions, 24-h exposure

to AA (10 �M) or HNE (10 �M) decreased cell viabil-

ity to 86.97% or 40.02% of control, respectively.

Ebs given alone increased viability of neurons up

to 117.05% of control and normalized neurons’ viabil-

ity diminished by AA (to 106.12%) and HNE (to

98.74%).

Ischemic conditions decreased viability of neurons

to 55.91 ± 0.41% of normoxic control. Exposure to

AA and HNE further alleviated neuronal viability;

this effect was attenuated by Ebs (data not shown).

Glutathione content

Both under normoxic and ischemic conditions, Ebs

(1, 10 and 20 �M) increased the level of intracellular

GSH (Fig. 1A, B). Ebs concentrations of 1 �M, 10 �M

and 20 �M elevated GSH level under normoxic con-

ditions up to 126.49 ± 9.46%, 148.99 ± 10.35% and

144.52 ± 9.84%, respectively. Under ischemic condi-

tions, 1 �M of Ebs increased GSH level up to 157.02

± 18.09%, whereas 10 �M and 20 �M up to 125.44 ±

10.58% and 119.35 ± 12.00%, respectively. In nor-

moxia, higher doses of Ebs exerted more pronounced

effects, while in ischemia, the opposite effect was ob-

served (Fig. 1A, B).
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Twenty four-hour exposure to AA elevated the in-

tracellular level of GSH up to 152.78 ± 10.66% and

114.88 ± 10.94% under normoxic and ischemic condi-

tions, respectively (Fig. 2). In normoxic conditions,

pretreatment of AA-exposed neurons with 1 or 10 �M

of Ebs caused further the significant elevation of GSH

level up to 197.95 ± 20.25% and 208.68 ± 16.47%, re-

spectively (Fig. 2A). On the contrary, under ischemic

conditions pretreatment with Ebs (1, 10 and 20 �M)

diminished the effect of exposure to AA (Fig. 2B).

Twenty four-hour exposure to HNE elevated the in-

tracellular level of GSH up to 163.24 ± 8.97% and

139.07 ± 4.94% under normoxic and ischemic condi-

tions, respectively (Fig. 3). In normoxic conditions,

pretreatment of HNE-exposed neurons with 1 or 20 �M

of Ebs caused further significant elevation of GSH

level up to 206.04 ± 13.53% and 183.17 ± 12.52%, re-

spectively (Fig. 3A). In the case of 10 �M Ebs, the

level of GSH was lower: 136.76 ± 7.39. On the con-

trary, pretreatment of neurons with Ebs (1, 10 and

20 �M) under ischemic conditions caused opposite ef-

fects. Ebs at 1 and 20 �M diminished the elevated

level of GSH to 128.75 ± 6.18 and 127.25 ± 8.42% of

control, respectively. Ebs at 10 �M elevated already

increased level of GSH up to 149.73 ± 8.26% of con-

trol. (Fig. 3B).
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Discussion

It was demonstrated that toxicity and oxidative stress

caused by free radicals might be prevented or attenu-

ated by intracellular protective mechanisms as well as

by some chemical substances possessing neuroprotec-

tive activity (N-acetylcysteine, Ebs and nicotine) [7,

14, 20]. In the current study, we have observed an in-

crease in neuronal viability after treatment with Ebs.

Previously, we described attenuation of HNE toxicity

by Ebs in cultured spinal cord neurons [14]. Recently,

using experimental model employed also in the cur-

rent study, we have observed a dose-dependent pro-

tective effect of 1–40 �M Ebs concentrations on

apoptosis of astrocytes exposed to ischemic condi-

tions [12]. Ebs (1–40 �M) induced the increase in

MTT conversion in ischemia, indicating a significant

restoration of mitochondrial activity. Treatment of the

ischemic cultures depleted of GSH with Ebs also at-

tenuated the effect of buthionine sulfoximine (BSO).

We also observed significant attenuation of cellular

oxidative stress after treatment of ischemic astrocytes

with Ebs [12].

Glutathione (GSH, �-L-glutamyl-L-cysteinylgly-

cine) is a predominant intracellular thiol compound

and one of the most important antioxidants in the cen-

tral nervous system. It is present in cytoplasm, nu-

cleus and mitochondria of neurons and exerts effects

on receptor function (e.g. NMDA receptor), apoptosis

regulation, etc. (for review see [11]). GSH reacts indi-

rectly with radicals, such as superoxide radical, nitric

oxide and hydroxyl radical. Moreover, it is an electron

donor in reactions catalyzed by glutathione peroxi-

dase (GPx).

This study describes protective effect of Ebs against

AA and HNE toxicity. Arakawa et al. [1] measured

the viability of cerebellar granule neurons treated with

30 �M HNE and Ebs (1 and 10 �M). The decrease in

viability was significantly suppressed by Ebs after

4 and 8, but not 24-h exposure to HNE. The com-

pounds with a sulfhydryl base measured fluorometri-

cally (e.g. GSH) were completely depleted by 30 �M

HNE. Authors suggested that although Ebs delayed

the process leading to cell death, it did not protect

against HNE-induced toxicity in cerebellar granule

neurons, possibly due to lack of a protective effect on

mitochondrial activity. Complete protection was ob-

served after combined treatment with Ebs and pre-

treatment with N-acetylcysteine.

The GSH level responds to oxidative stress level.

Toborek et al. [20] observed the lack of GSH level

change in cultured spinal cord neurons after 3 h, fol-

lowed by an increase after 24 h of exposure to 10 �M

AA. Similar effects were also observed in other cell

types (e.g. endothelium). The increase in the GSH

level after longer exposure could be considered as an

intracellular protective mechanism. Moreover, it was

demonstrated, that exposure to HNE increased GSH

synthesis in rat alveolar epithelium and in human
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bronchial epithelial cells, the latter as a result of acti-

vation of c-Jun N-terminal kinase (JNK) pathway [10].

Many different chemical particles, from small mo-

lecules like hydrogen peroxide to phospholipids and

cholesterol hydroxyperoxides incorporated into mem-

brane, are GPx substrates. Hydroperoxide glutathione

peroxidase (HPGPx) possesses slightly different sub-

strate preference and decreases the level of lipid hy-

droperoxides [19]. Ebs demonstrates properties of

both enzymes and may replace endogenous GPx ac-

tivity, which is inactivated by excess of reactive oxy-

gen species (for review see [2]). Essential neuropro-

tective effects of GPx on mitochondrial functions

were demonstrated in nervous tissue injury in trans-

genic mice with GPx overexpression comparing to

GPx gene knock-out mice [21]. Moreover, HNE

decreased activity of isolated GPx with I�� = 0.12 mM

[3].

Ebs is also a direct thioredoxin reductase substrate.

The product, Ebs selenol, rapidly reacts with hydro-

gen peroxide and produces the water particle and the

Ebs selenic acid. The latter one spontaneously gener-

ates another water particle and regenerates Ebs parti-

cle. Ebs-thioredoxin interactions enable Ebs to play

a role in the reduction of hydrogen peroxide and lipid

hydroxyperoxides [22]. These results demonstrated

that Ebs uses the thioredoxin system more efficiently

than GSH.

In this study, we have found the increase in GSH

level after Ebs treatment either in normoxic and

ischemic conditions. This effect was also present after

exposure to AA in normoxic conditions and HNE in

normoxic and ischemic conditions, although only

with 10 �M Ebs concentration. Previously, we have

shown that Ebs elevated the level of GSH in cultured

spinal cord neurons [14]. In contrast, Cotgreave et al.

[6] has shown that Ebs did not have the ability to

promote synthesis of GSH.

In the previous study, exposure of astrocytes to

simulated ischemia for 24 h decreased the GSH level

by about 60% [12]. The treatment with Ebs caused

a moderate and not significant increase in intracellular

GSH level in ischemic cultures of cortical astrocytes.

However, Ebs prevented further reduction of GSH

caused by pretreatment with BSO securing GSH con-

tent at the level similar to that observed in cells ex-

posed only to ischemia.

The increase in GSH level after Ebs administration

could be at least partially explained by the decreased

GSH consumption caused by strengthening of anti-

oxidative mechanisms. Ebs administration replaces

ischemia-inactivated Gpx activity, thereby contribut-

ing to reduction of GSH consumption and diminution

of oxidative stress [18].

The effect of Ebs on GSH level was less pro-

nounced in simulated ischemia. Under such condi-

tions, when serious alterations in cellular metabolism

occur, Ebs may not be efficient enough to augment or

replace protective mechanisms of neurons. It is also

possible that under ischemic conditions some toxic ef-

fects of Ebs may became more visible. Recently, Ebs

has been shown to exert toxic effects and inhibit

growth of hepatoma and glioma cells. Dhanasekaran

et al. [9] reported that Ebs dose-dependently inhibited

the growth of human dopaminergic neuronal cells.

Authors suggested that Ebs could inhibit the cell pro-

liferation by inhibiting glycolysis, depleting cellular

levels of ATP through inhibition of mitochondrial

complex I. Ebs did not appear to exhibit neuroprotec-

tive effects against MPTP-induced dopaminergic tox-

icity in the nigrostriatal tract of mice. Undoubtedly,

the effect of Ebs on GSH metabolism needs further

studies.

In conclusion, our present results reveal that Ebs

modulates the level of GSH in neurons exposed to

compounds released during nervous tissue injury (AA

and HNE) either under normoxic and ischemic condi-

tions. The administration of Ebs in repeated way or in

combination with another drug deserves further inves-

tigation and may bring some clinical advantages.
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