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Abstract:

Arachidonic acid (AA) is released from cells after nervous tissue injuries. We treated rat cortical neurons and astrocytes cultured un-

der normoxic or simulated ischemic conditions with N-acetylcysteine (100 or 200 �M) or ebselen (10 or 20 �M). N-acetylcysteine

decreased AA release in normoxic astrocytes, while ebselen decreased AA release from astrocytes in both conditions. N-

acetylcysteine produced no changes in neuronal AA release. A low dose of ebselen significantly increased AA release from neurons

in both conditions. The influence of N-acetylcysteine and ebselen on AA release might be implicated in their effects on astrocytes

and neurons, however, the exact mechanisms have yet to be explained.
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Abbreviations: AA – arachidonic acid, BSA – bovine serum

albumin, DIV – day(s) in vitro, DMEM – Dulbecco’s Modified

Eagle’s Medium, DMSO – dimethyl sulfoxide, Ebs – ebselen,

FBS – fetal bovine serum, GFAP – glial fibrillary acidic pro-

tein, GPx – glutathione peroxidase, HPGPx – hydroxide glu-

tathione peroxidase, MAP -2 – microtubule-associated protein

2, MAPK – mitogen-activated protein kinase, MEM – Mini-

mum Essential Medium, NAC – N-acetylcysteine, OGD –

oxygen-glucose deprivation, PBS – phosphate-buffered saline,

PKC – protein kinase C, PLA� – phospholipase A�

Introduction

Various types of nervous tissue injury lead to signifi-

cant elevation of free fatty acids. Arachidonic acid

(AA; 20:4, n-6) is the primary fatty acid released from

cytoplasmic membranes during the course of nervous

system injury due to the specific composition of neu-
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ronal membranes and the activation of phospholipases

A2 (PLA2) and C. Free AA levels in injured neurons 6 h

after the initial trauma can exceed 20 times the control

values [1, 14] and this elevated level of fatty acids in

nervous tissue correlates with worsening neurological

status. Arachidonic acid is one of the factors that may

be responsible for the secondary, “biochemical” phase

of injury development. In cultured spinal cord neu-

rons, AA can induce oxidative stress, increase intra-

cellular calcium levels, activate nuclear factor-kappa

B, decrease viability and lead to cell death [13]. Simi-

lar effects have been reported in experiments with

cultured hippocampal neurons, or with neuronal cul-

tures prepared from fetal rat striatum [9].

We previously reported that N-acetylcysteine and eb-

selen have cytoprotective effects in astrocytes and neu-

rons [7, 8, 13, 15]. N-acetylcysteine (NAC) is a thiol

compound and a glutathione precursor that exerts anti-

oxidative effects. NAC is purportedly a scavenger of

free radicals, particularly hydroxyl radicals. Ebselen [2-

phenyl-1,2-benzisoselenazol-3(2H)-one] (Ebs) is a lipid

soluble seleno-organic compound with multiple inhibi-

tory effects on oxidative processes in cells [10, 16]. Ebs

has neuroprotective, anti-inflammatory and immuno-

modulatory activity in various animal models as well as

in humans in some small clinical studies [12, 16] Its

small molecular dimensions enable Ebs to reach com-

partments where glutathione peroxidase (GPx), for exam-

ple, is not abundant. The selenium in Ebs remains bound,

and therefore does not demonstrate strong cytotoxic action.

The beneficial effects of NAC and ebselen are not

fully understood, particularly with respect to differ-

ences between their effects on cells cultured in nor-

moxic or simulated ischemic conditions. Therefore,

we sought to investigate the effect of N-acetylcysteine

and ebselen on AA release from cultured cortical as-

trocytes and neurons. Parallel experiments were car-

ried out under normoxic and ischemic conditions.

Materials and Methods

The study was approved by the Local Ethics Commit-

tee for the Animal Experimentation.

Cortical astrocyte cultures

Astrocytes were isolated from one-day-old Wistar rat

pups and were cultured as described previously [8].

Briefly, the cerebral hemispheres of newborn Wistar

rats were aseptically removed from the skulls, freed

of the meninges, minced, and mechanically disrupted

by vortexing in Dulbecco’s Modified Eagle’s Medium

(DMEM) containing penicillin (100 U/ml) and strep-

tomycin (100 �g/ml). The suspension was subse-

quently filtered through sterile nylon screening cloths

with pore sizes of 70 �m and 10 �m. The cells were

counted in a Coulter Z1 counter (Coulter Counter,

Buckinghamshire, UK). The concentration of the cells

in suspension was adjusted to 1×106 cells/ml. Cells

were cultured in 6-well plates at 3 × 105/well. Subse-

quently, cultures were incubated at 37°C in 5% CO2

with 95% relative humidity (CO2-Incubator; Kebo-

Assab, Stockholm, Sweden). The culture medium ini-

tially contained 20% fetal bovine serum (FBS), which

was replaced after 4 days with medium containing

10% FBS. The total volume of the culture medium

was changed twice a week. The cells were cultured

for two weeks until confluence. On the 14th day in vi-

tro (DIV), astrocyte cultures were deprived of micro-

glia by shaking for 5 h and incubating with 5 mM

L-leucine methyl ester. To identify astrocytes, cul-

tures were stained immunocytochemically for glial

fibrillary acidic protein (GFAP) (Sigma, St. Louis,

MO, USA), a specific marker for astrocytes. Analysis

of the cultures has shown that 90–95% of cells were

GFAP-positive. About 1–2% of cells in culture re-

acted with Ricinus Communis Agglutinin-1, a lectin

that binds to surface glycoproteins on microglia (Vec-

tor, Burlingame, CA, USA). No neurons were detected,

as confirmed by immunocytochemical staining using

monoclonal antibodies against microtubule-associated

protein-2 (MAP-2) (Promega, Madison, WI, USA).

All experiments were performed three times on 21-

day-old cultures.

Cortical neuronal cultures

Cultures of cortical neurons were isolated and cul-

tured as previously described [15]. Briefly, 17-day-

old rat fetuses were dissected and minced, allowing

isolation of the cortical neurons. These neurons were

then digested for 30 min at 37°C in a 0.67 mg/ml so-

lution of papain (Roche) in serum-free MEM (Mini-

mal Essential Medium, Eagle) containing penicillin

(100 U/ml) and streptomycin (100 mg/ml), and were

subsequently centrifuged (800 × g for 5 min). After

trituration in 40 µg/ml DNase (Roche) in MEM, the

cells were resuspended in MEM with 10% fetal bo-
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vine serum (MEM10). The cells were seeded in

polyethylenimine-coated dishes (Fluka) at a density

of 3 × 106 cells per 60 mm dish and maintained in an

incubator at 37°C in 10% CO2. The initial MEM10

medium was removed 8 h after the cells were seeded

and replaced with serum-free Neurobasal medium

containing B27 supplement, 2 mM glutamine, 100 µg/ml

of gentamycin and 2.5 µg of fungizone. On DIV3,

cultures were supplemented with 5.4 × 10–5 M 5-fluoro-

5’-deoxyuridine (Sigma) and 1.4 × 10–5 M uridine

(Sigma). Twice a week, one-third of the medium in

each culture dish was removed and replaced with

fresh Neurobasal medium, supplemented as described

above. Cells were identified using a monoclonal anti-

body against MAP-2 (Santa Cruz). Cortical neuronal

cultures were utilized for experiments 10–14 days af-

ter seeding, when the cultures were considered to be

mature and stable. Under these culture conditions, ap-

proximately 90–95% of cells in the culture were neurons.

Treatment of astrocyte and neuronal cultures

Cells were treated with NAC (100 and 200 �M) or

Ebs (10 or 20 �M) for 24 h in normoxic or simulated

ischemic conditions. Concentrations of the compounds

were chosen based on previous experiments per-

formed by other authors [22] and ourselves [7, 8, 13,

15], some of which were conducted under similar

conditions. The 24-h period of exposure to ischemia

was employed on the basis of our earlier studies in

which AA release as well as PLA2 expression reached

stable levels within this time frame [5, 20]. Further-

more, pilot experiments demonstrated comparable dy-

namics of AA release from astrocytes and neurons af-

ter 24 h (data not published).

NAC was dissolved in 0.9% NaCl, while a stock solu-

tion of Ebs (40 mM) was prepared in dimethyl sulfoxide

(DMSO). The final concentration of DMSO administered

with Ebs to the cell culture medium never exceeded 0.5%.

Simulation of ischemic conditions

After 21 DIV and 10–14 DIV, respectively, cultures of

astrocytes and neurons were placed in medium de-

prived of glucose and serum at 37°C in a 92% N2, 3%

O2, and 5% CO2 (Heraeus incubator, BB 6060) hu-

midified atmosphere [8]. The osmolarity of the me-

dium was measured and adjusted to 319 mOsm with

mannitol. Parallel experiments were carried out under

normoxic and ischemic (24 h) conditions. Each ex-

periment was performed in triplicate.

Measurement of AA release

The procedure for measuring AA release from

[3H]arachidonate-labeled cells was essentially as de-

scribed previously [6]. Briefly, 0.1 �Ci of [3H]AA

(NEN, Boston, MA, USA; specific radioactivity of

50 Ci/mol) was suspended in 1 ml of DMEM contain-

ing 0.5% (w/v) bovine serum albumin (BSA) and

added directly to astrocytes or neurons cultured on

35-mm dishes. After 4 h of incubation at 37°C, ap-

proximately 75% of the added radioactivity was incor-

porated into phospholipids. Unincorporated [3H]AA

was removed by three successive washings with

buffer A (145 mM NaCl, 5.5 mM KCl, 1.1 mM MgC12,

1.1 mM CaC12, 5.5 mM glucose, 20 mM HEPES,

0.5 mg/ml BSA, pH 7.4). Then, cells were incubated

in buffer A for 30 min at room temperature, followed

by incubation for 30 min at 37°C. The cell culture me-

dia were transferred to scintillation tubes and the ra-

dioactivity in the supernatant was determined using

a Beckman S 6000 IC liquid scintillation counter

(Beckman Instruments Inc., Fullerton, CA, USA). The

results are expressed as a percentage of the control.

Statistical analysis

A two-way analysis of variance (ANOVA) was used

to compare mean responses among the treatments.

For each endpoint, the treatment means were com-

pared using the Bonferroni test. A p-value < 0.05 was

considered as statistically significant. All data are ex-

pressed as the mean ± SD.

Results

Effect of N-acetylcysteine and ebselen on the

arachidonic acid release from cultured astro-

cytes in normoxic or ischemic conditions (Fig. 1)

Cultured astrocytes were exposed for 24 h to 100 or

200 �M NAC. In normoxic conditions, the release of

AA from cellular phospholipids reached 58.64 ± 5.70%

and 81.37 ± 15.19% of the control in groups exposed

to lower or higher concentrations, respectively. In

simulated ischemia no significant effects of NAC

were observed.

Treatment of astrocytes with Ebs significantly de-

creased AA release either in normoxia or simulated
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ischemia. In the former condition, 10 and 20 �M Ebs

attenuated AA release to 59.57 ± 5.74% and 64.66 ±

3.94% of the control, respectively. Under ischemic

conditions, the inhibitory effects were less pronounced,

resulting in 71.58 ± 10.31% or 72.60 ± 3.11% of the

ischemic control after 10 and 20 �M of Ebs, respec-

tively.

Effect of N-acetylcysteine and ebselen on ara-

chidonic acid release from cultured cortical neu-

rons in normoxic or ischemic conditions (Fig. 2).

Treatment of cultured cortical neurons with NAC

failed to produce significant changes in AA release in

either condition, although a trend towards an inhibi-

tory effect was observed in ischemia.

Ebs (10 �M) significantly increased AA release from

neurons up to 130.61 ± 21.24% and 139.45 ± 15.03% of

the control in normoxic or ischemic conditions, re-

spectively. The effects of the higher concentration

were not significant.

Discussion

The main enzymatic process responsible for AA re-

lease is catalyzed by PLA2. Numerous studies have

used AA release as a marker for cytosolic PLA2

(cPLA2) activity [3]. AA released mainly by cPLA2

from the sn-2 position of phospholipids is metabo-

lized by lipooxygenases and cyclooxygenases to

prostanoids and free radicals that damage brain cells.

Moreover, free AA inhibits glutamate uptake by astro-

cytes, prolonging its excitotoxic effect. cPLA2 is

a Ca2+-dependent isoform of PLA2 found in the cyto-

sol of mammalian cells that is regulated via direct
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phosphorylation by mitogen-activated protein kinases

(MAPK) and PKC [1, 3].

PLA2 activation leads to metabolic changes in cells

and ultimately to an increase in the level of excitatory

amino acids in the extracellular space. Similar effects

are induced by exogenous administration of lysophos-

phatidylcholine, which is also produced by PLA2. En-

hanced expression of cPLA2 in astrocytes is associ-

ated with a number of neurodegenerative diseases as

well as brain ischemia [18]. Additionally, previous re-

ports indicate that PLA2 increases in stroke [1]. Ex-

cessive stimulation of NMDA receptors by glutamic

acid leads to PLA2 activation, AA release, reactive

oxygen species and reactive nitrogen species forma-

tion, poly(ADP-ribose)polymerase (PARP) activation

and cell death [17, 18]. It is likely that feedback inhi-

bition of PLA2 by AA results in neuroprotection un-

der ischemic conditions due to decreases in the extra-

cellular levels of glutamic acid and aspartic acid.

Attenuation of AA release from astrocytes (Fig. 1),

which are important source of free fatty acids during

pathological events, could potentially be responsible

for this protective effect. Diminution of AA release is

well correlated with the positive effects of NAC and

ebselen we have observed previously in these type of

cells [7, 8]. In a previous study from our laboratory,

the incubation of primary astrocyte cultures under

ischemic conditions efficiently stimulated the release of

AA, which was partially prevented by pharmacological

inhibition of cPLA2 with FK506 and cyclosporine A [6].

Researchers have long sought after specific inhibi-

tors of PLA2 that could be possibly effective for the

treatment of ischemic, traumatic or neurodegenerative

disorders [4]. The known intracellular PLA2 inhibi-

tors include lipocortins, glucocorticoids, GM1-gangli-

oside, GM3-ganglioside, variabilin, surfactin and

CDP-choline. Unfortunately, however, not all of these

inhibitors are therapeutically useful, since some can-

not cross the blood-brain barrier or have adverse effects

[4]. According to Krzystanek et al. [11], PLA2 activity is

increased in the platelets of patients with Alzheimer’s

disease, vascular dementia and ischemic stroke.

In our experiments, NAC diminished the release of

AA only in normoxic astrocytes. In numerous experi-

ments performed under normoxic conditions, NAC

exerted cytoprotective effects. For example, our stud-

ies have indicated that NAC significantly protects spi-

nal neurons against the toxic effects of AA [13]. Fur-

thermore, Katsuki et al. [9] demonstrated that 100 �M

of NAC attenuates the toxic influence of AA on cul-

tured striatal neurons. NAC has also been shown to

protect cultured neuroblastoma cells from apoptosis

triggered by �-TNF [19] and neurons from proapop-

totic ionomycin action. Additionally, there is also evi-

dence that NAC improves mitochondrial calcium ho-

meostasis, restores intramitochondrial glutathione

levels and exerts a favorable effect on this organellum

[21]. In another study, NAC protected PC12 cells

against deprivation of trophic factors, which was

shown to be independent of its antioxidative proper-

ties and glutathione modulation [22]. The protective

effects of NAC were demonstrated to be dependent on

activation of the Ras-ERK (extracellular signal regu-

lated kinase) pathway. Unlike NGF, NAC does not ac-

tivate phosphoinositide 3-kinase or its cytoprotective

pathway [19]. Rather, NAC has been shown to inhibit

JNK (c-Jun N-terminal kinase), which is induced by

AA in renal proximal tubular cells in rabbits [2].

In our investigation of ischemic conditions, NAC

was not able to decrease AA release, suggesting that

the cytoprotective effects observed in our studies [8]

under these conditions might depend on other mecha-

nisms. Moreover, the lack of inhibition of AA release from

neurons in ischemia may be responsible for the diminished

effectiveness of NAC in such conditions; as we observe in

the same experimental model (paper in preparation).

NAC was also effective in vivo at improving mito-

chondrial function, attenuating the decrease in glu-

tathione concentrations and securing calcium homeo-

stasis after experimental head trauma [21]. Its mecha-

nism of action depends on the fact that NAC is both

a glutathione precursor and a free radical scavenger.

In astrocytes cultured in normoxic and ischemic

conditions, Ebs attenuated the release of AA. Surpris-

ingly, in cultured neurons Ebs exerted the opposite ef-

fect. However, in our previous experiments, Ebs de-

creased the cytotoxic effects of AA and 4-hydroxy-

nonenal on neurons [7, 13, 15]. Elevated AA release

from neurons in normoxia and ischemia may actually

diminish the neuroprotective effects of ebselen. How-

ever, in the range of concentrations studied, it seems

to not surpass the positive effects of ebselen, de-

scribed previously in the same experimental model

[15]. We have observed that higher concentrations of

ebselen exert some neurotoxic effects, which could be

partially explained by its influence on AA release

(data not published).

The main cytoprotective effect of Ebs seems to be

related to its pseudoenzymatic activity, which mimics

the properties of glutathione peroxidase, particularly

�����������	��� 
������ ����� ��� ������� 945

Effects of N-acetylcysteine and ebselen on arachidonic acid release in simulated ischemia
������� ������ 	� ��




its isoenzyme – hydroxide glutathione peroxidase [16].

Ebs is effective against membrane hydroperoxides,

inhibits both nonenzymatic and enzymatic lipid per-

oxidation in cells, and decreases calcium influx from

intracellular compartments due to inositol-3-phosphate

(IP3) receptor inhibition. Additionally, Ebs directly

inhibits the following targets by chemically modify-

ing an SH-group forming a selenosulfide complex: ni-

tric oxide synthases, NADPH oxidase, PKC, ATPase

as well as 5-lipoxygenase, and cyclooxygenases [3,

10, 16, 23]. Hypothetically, the decrease of AA me-

tabolism might lead to its augmented release from

phospholipids in neurons. One important question re-

mains: why does a lower concentration of Ebs more

intensely enhance AA release from cultured neurons?

The answer could be related to ebselen’s complicated

mechanisms of action. In order to explain this and

other surprising results, our laboratory is engaged in

further experiments aimed at explaining the mecha-

nisms of NAC and Ebs as well as their significance.
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