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Abstract:

The aim of the study was to assess neuroprotective effects of N-acetylcysteine (NAC; 100–200 µM) on cultured cortical neurons ex-

posed to arachidonic acid (AA, 10 µM) during ischemia (oxygen-glucose deprivation). Ischemic conditions decreased neuron viabil-

ity to 41–47% of normoxic controls; co-exposure with arachidonic acid further attenuated neuron viability to 36.73% after 24 h.

Separate exposure to arachidonic acid in normoxia or to ischemic conditions only, increased the number of apoptotic nuclei to

33.56% or 36.78%, respectively. Combined exposure to arachidonic acid and ischemia increased apoptosis frequency to 62.20%.

NAC (200 µM) decreased the number of apoptotic nuclei in normoxia in control and arachidonic acid exposed cells. NAC also de-

creased apoptosis frequency in ischemia to 14%. In neurons exposed to arachidonic acid and ischemic conditions, 100 and 200 µM

NAC reduced apoptosis to 24.99% and 19.48%, respectively. NAC provided protection to neurons from toxicity due to arachidonic

acid, ischemia and exposure to arachidonic acid in ischemic conditions.
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Introduction

Primary nervous tissue injuries of different origins

lead to the release of free fatty acids from neuronal

membranes. A significant elevation of free fatty acids

can be observed as early as one minute after trauma in

experimental animals. Moreover, in ischemic condi-

tions, either in vivo or in vitro, the activities of en-

zymes from the PLA2 family can increase. In such

traumatic or ischemic circumstances, the primary

fatty acid released from cytoplasmic membranes of

neurons and glial cells by phospholipases A2 and C is

arachidonic acid (AA; 20:4, n-6) [1, 11, 19]. Released

AA can exert numerous harmful effects. It may induce

oxidative stress, increase intracellular calcium levels

and activate nuclear factor-�B in spinal cord neurons

[22]. Furthermore, AA is proven to decrease the vi-

ability of cultured spinal cord neurons from mouse

spinal cord [22] and rat cerebral cortex [20], as well
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as induce apoptotic and necrotic cell death. Similar ef-

fects were found in hippocampal and striatal neurons

[15].

A number of studies have been carried out in order

to discover potentially neuroprotective substances.

Agents interfering with the ischemic cascade of

events, (e.g. antioxidants, free radicals scavengers, in-

hibitors of glutamate receptors, and inhibitors of

phopholipases) are under investigation [7].

N-acetylcysteine (NAC) is an antioxidant thiol

compound. It scavenges free radicals and directly re-

acts with hydroxyl radicals [6]. Neuroprotective ef-

fects of NAC were observed in different neuronal and

glial in vitro models (e.g., NAC protected striatal neu-

rons against arachidonic acid treatment [15] and glial

cells against combined exposure to simulated ische-

mia and arachidonic acid [12]). NAC also exerts anti-

oxidative effects in extracellular moieties.

Administered NAC does not penetrate very effi-

ciently through the intact blood-brain barrier, which

limits its usage in vivo. However, compared to

L-cysteine, NAC is less toxic, less prone to be oxi-

dized and more hydrophilic.

There are no published data describing the protec-

tive effects of NAC in cortical neurons. Moreover, the

combined effect of simulated ischemia and arachi-

donic acid on neurons weren’t studied before.

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.

Materials and Methods

Cortical neuron cultures

The study was approved by the Local Ethics Commit-

tee for the Animal Experimentation. Cultures of corti-

cal neurons were maintained on serum-free Neuroba-

sal medium, according to Brewer [4] with some modi-

fications. Briefly, cortical neurons were obtained from

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

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

papain (Roche) in serum-free MEM (Minimal Essen-

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

and streptomycin (100 mg/ml), and were 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 bovine serum (MEM10). The

cells were seeded in polyethylenimine-coated (Fluka)

dishes 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 Neu-

robasal medium containing B27 supplement, 2 mM

glutamine, 100 µg/ml gentamycin and 2.5 µg of fungi-

zone. On the third day in vitro, cultures were supple-

mented 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 re-

moved and replaced with fresh Neurobasal medium,

supplemented as described above. Cells were identi-

fied using a 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 cells in the cultures were neurons.

Simulation of ischemic conditions

Ischemic conditions were simulated in vitro as de-

scribed earlier [12]. Briefly, cultures were incubated

at 37°C in 92% N2 3% O2, 5% CO2, (Heraeus incuba-

tor, BB 6060) humidified atmosphere with simultane-

ous glucose deprivation required for the ischemia in

vitro model of experiments. Experiments were carried

out in parallel under normoxic and ischemic (24 h)

conditions. Each experiment was performed three

times.

Treatment of cells

Cortical neuronal cultures were treated with 10 µM

AA (Fluka). For combined exposure, AA was admin-

istered at the start of simulated ischemia. Cells treated

with 100 or 200 µM NAC (Sigma) underwent 2-h

pretreatment before being exposed to simulated ische-

mia and/or AA, during which NAC was also present

in cultured medium.

Preparation of experimental media

Stock solution of AA (Sigma) was prepared in abso-

lute ethanol and diluted 1,000 times to achieve the

working concentrations in the experimental media.

Corresponding amounts of ethanol were added to the
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control cultures. Ethanol concentration did not exceed

0.1% and it did not affect cortical neuronal cultures

(data not shown). Stock solution of NAC was pre-

pared in phosphate buffered saline (PBS).

Cell viability – MTT assay

The viability of cells and their mitochondrial func-

tions were evaluated with the 3-(4,5-dimethylthiazol-

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

conversion method. The cells’ ability to convert MTT

indicates mitochondrial integrity and activity, which

in turn suggests cell viability. The cleavage of the te-

trazoline 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 µl 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.

Cell viability – trypan blue exclusion test

The viability of control cultures in normoxia and

ischemia was assessed by the trypan blue exclusion

test. Trypan blue stains cells with damaged membranes.

Neurons were incubated with 0.08% solution of try-

pan blue dissolved in culture medium for 5 min at

37°C. Blue-stained neurons present in three randomly

selected fields of vision were counted.

Apoptosis evaluation

Apoptosis frequency was evaluated by staining nuclei

with Hoechst 33342, which is excited by UV 350 nm

and emits blue light at 465 nm. Hoechst 33342 stain-

ing allows assessment of the DNA condensation and

nuclei fragmentation, which is a feature of apoptotic

cells. Neurons cultured on glass plates were rinsed with

cold PBS and fixed with cold methanol for 10 min.

Then, the plates were rinsed with cold PBS and filled

with 70% ethanol and stored in 4°C. Neurons were

rinsed with PBS and incubated with 1 µg/mL Hoechst

33342 dye for 30 min at room temperature. After that,

they were rinsed with PBS and water. Cultures were

assessed at 400 × magnification in the fluorescence

microscope (Olympus BX51, Japan). Apoptotic nu-

clei, present in six randomly selected vision fields

were counted. Each field of vision was covered with

over 200 nuclei.

Statistical analysis

Data were analyzed statistically using a one- or two-

way analysis of variance (ANOVA), �2 and post-hoc

Student-Neumann-Keuls test using Statistica 5.0 soft-

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

was considered significant.

Results

Viability of neurons exposed to simulated

ischemic conditions for 24 h

Neuron viability, measured by the trypan blue exclu-

sion test, was assessed as 90.96 ± 2.29% and 41.36 ±

1.37% (p < 0.001) in the groups cultured in normoxia

and simulated ischemia, respectively.

Neuron viability in ischemic conditions, assessed by

the conversion of MTT, was decreased to 46.75 + 6.91%

(p < 0.001) compared with the normoxia group (Fig. 1).

Effects of arachidonic acid and N-acetylcysteine

on cell viability in normoxic and ischemic con-

ditions, measured by MTT conversion method

Exposure (24 h) to AA in normoxia did not reveal its

toxic effects at concentrations of 1, 10 and 20 µM.

However, there were significant toxic effects at 30

and 40 µM AA, which decreased viability to 48.55 ±

19.47% (p < 0.0001) and 50.93 ± 34.65% (p < 0.0001)

of the control, respectively. A significant dose-

dependent toxic effect was found after 48 h of expo-

sure (Fig. 2).

Ischemic conditions enhanced the toxic effect of

arachidonic acid noticed as a significant decrease of

viability to 36.73 ± 6.73% after 24 h (Fig. 1).

There was no significant effect of N-acetylcysteine

on MTT conversion in neurons. Viability of cells

treated with 100 or 200 µM NAC was 99.34 ± 5.59%

and 104.15 ± 11.97%, respectively. During ischemia,
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200 µM of N-acetylcysteine exerted neuroprotective

effects on neurons, resulting in a significant increase

in viability to 55.41 ± 8.28% (121.87 ± 18.34%, p < 0.01

compared to the group exposed only to ischemic con-

ditions) (Fig. 1).

In normoxia, N-acetylcysteine increased the viabil-

ity of neurons exposed to arachidonic acid, however,

the results were not significant. In ischemia, 100 and

200 µM of N-acetylcysteine attenuated toxic effects

of arachidonic acid and elevated the viability of neu-

rons exposed to arachidonic acid to 39.8 ± 6.57% and

45.51 ± 4.34%, respectively (Fig. 1).

Effects of arachidonic acid and N-acetylcysteine

on cortical neuron apoptosis in normoxic and

ischemic conditions

Exposure (24 h ) to arachidonic acid (10 µM) in nor-

moxia led to an increase in the number of apoptotic

nuclei to 36.78 ± 7.96% (p < 0.01) compared to the

control group, in which it was assessed at 19.38 ±

9.17% (Fig. 3 and 4). Representative examples of re-

sults obtained in studies with Hoechst staining are

presented in Figure 3.

In neurons exposed to 24-h lasting ischemic condi-

tions, the number of apoptotic nuclei increased to

33.56 ± 8.37% (p < 0.05, compared to normoxia). Ex-

posure to arachidonic acid (10 µM) and ischemia fur-

ther increased apoptosis frequency to 62.20 ± 4.20%

(p < 0.001) (Fig. 4).

One hundred µM N-acetylcysteine did not exert a

significant effect on apoptosis frequency in normoxia,

while 200 µM decreased the number of apoptotic nu-

clei to 10.81 ± 6.44% (p < 0.01) (Fig. 4). NAC at 100

and 200 µM protected neurons exposed to arachidonic

acid and decreased the number of apoptotic nuclei to

10.80 ± 6.44% (p < 0.001) and 4.02 ± 1.17% (p < 0.001),

respectively (Fig. 4).
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48 h exposure

Fig. 2. Effects of arachidonic acid (1, 10 and 20 µM) on cell viability in
normoxic conditions after 24 and 48 h of exposure. Results are pre-
sented as the mean ± standard deviation. N = 12. * significant com-
pared to control group

Normoxia

Ischemia

Fig. 1. Effects of arachidonic acid (10 µM
AA) and N-acetylcysteine (100 and 200 µM
NAC) on cell viability in normoxic and
ischemic conditions after 24 h of exposure.
Results are presented as the mean ± stan-
dard deviation. N = 12. # significant com-
pared to ischemic control group, � signifi-
cant compared to ischemic AA exposed
group



N-acetylcysteine at 100 and 200 µM decreased

apoptosis frequency in neurons exposed to ischemic con-

ditions to 14.13 ± 6.61% (p < 0.001) and 14.54 ± 4.76%

(p < 0.001), respectively. A significant dose-dependent

decrease was observed in neurons exposed to arachidonic

acid in ischemia after 100 and 200 µM NAC administra-

tion, to 24.99 ± 3.69% and 19.48 ± 8.43%, respectively

(Fig. 4).

Discussion

In metabolic pathways, NAC acts as a glutathione

precursor. Reduced glutathione (GSH) plays an im-

portant role in maintaining homeostasis and protects

cells against oxidative and toxic factors, including

those that damage DNA [2]. Due to the size of GSH, it
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Hoechst 33342 staining. 400 � mag-
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Fig. 4. Effects of arachidonic acid
(AA) and N-acetylcysteine (NAC) on
apoptosis of cortical neurons in nor-
moxic and ischemic conditions. Re-
sults are presented as the mean
± standard deviation. N � 200* sig-
nificant compared to normoxic con-
trol group, $ significant compared to
normoxic group exposed to AA,
# significant compared to ischemic
control group, � significant com-
pared to ischemic group exposed to
AA



is not efficiently transported into cells. The amount of

L-cysteine determines the rate of GSH synthesis in

the cell. L-cysteine itself is toxic to humans. NAC is

deacetylated to L-cysteine inside the cell and there-

fore enhances the rate of GSH synthesis. NAC is

a drug in which administration is essential in thiol and

glutathione deficiencies, particularly in acetamino-

phen poisoning.

NAC exerts pleiotropic cytoprotective effects; it

exhibits antioxidative properties, scavenges free radi-

cals, inhibits inflammatory cyclooxygenase 2 (COX-2)

expression and lipid peroxidation. NAC reduces di-

sulfide bonds in proteins and forms complexes with

metal ions [3]; it increases the specific activity of mi-

tochondrial I, IV and V complexes, attenuates age-

related decrease of oxidative phosphorylation, in-

creases ATP level and inhibits DNA adduct formation.

NAC prevents spontaneous mutations during DNA re-

pair processes, elevates methylation of hypomethy-

lated DNA and protects repair enzymes (e.g., PARP)

as well as enhances DNA repair. NAC exerts effects

on gene expression and signalling pathways – allevi-

ates c-fos and c-jun induction, leads to phosphoryla-

tion of MAP kinases, inhibits transcription factor

AP-1 activation, and inhibits nuclear factor-�B acti-

vation and translocation. Additionally, NAC influences

viability, apoptosis and inflammatory responses pro-

tecting cells from cytotoxicity, modulating cell death

and exerting antiinflammatory effects by inhibition of

COX-2 and cytokines (e.g., TNF�) secretion [8].

In our experiments conducted in normoxic condi-

tions, no significant effect of NAC on neuron viability

(measured as MTT conversion) was observed. How-

ever, NAC decreased lactate dehydrogenase (LDH)

release (data not published). In cultures exposed to

AA in normoxia or ischemia, we observed a cytopro-

tective effect with NAC, which appeared as an in-

crease in MTT conversion, a decrease in LDH release

and a decrease in the number of apoptotic nuclei rate.

Ma³ecki et al. [17] showed that 200 µM NAC in-

creased the viability of rat spinal cord neurons in cul-

tures exposed either to AA or 4-hydroxynonenal. In

previous experiments employing the same model of in

vitro ischemia [12], we have observed the increase of

viability, elevation of GSH level and decrease of oxi-

dative stress after NAC (100 and 200 µM) administra-

tion. At both doses, NAC protected cultured astro-

cytes from apoptotic death. In experiments described

in this paper, only 200 µM NAC exerted significant

antiapoptotic effects. The differences in effective dose

in astrocyte and neuronal cultures may depend on the

characteristics of the cells. Moreover, the antiapoptotic

effect could be better observed with the additional us-

age of other methods of apoptosis assessment.

Both the L- and D-stereoisomers of NAC (the latter

one is not metabolized) prevented apoptosis in PC12

cells in serum- and NGF-deprived medium [10]. The

possible mechanisms of NAC stereoisomers antiapop-

totic actions are based on maintaining mitochondrial

function and integrity [18].

Ferlazzo et al. [9] demonstrated that NAC admini-

stration prevented caspase-3 activation and reactive

oxygen species production induced by homocysteine

in Neuro 2a cells. Yoshimura et al. [25] demonstrated

that 10–50 mM NAC or GSH protected PC12 cells

cultured in hypoxic conditions from necrotic and

apoptotic death. Indeed, the exogenous GSH admini-

stration or NAC was proven to inhibit caspase-3 acti-

vation in hypoxic conditions. NAC decreased caspase-3

activation, induced by ceramide C2 [25]. They didn’t

study the effects of lower NAC concentrations, so it

was hard to directly compare their results with ours.

Interesting results were obtained by Chan et al. [5]

in RAW 264.7 mouse macrophages. The authors

showed that NAC may undergo autooxidation and ex-

ert prooxidative effects. In serum-free medium, the

extracellular environment facilitates NAC autoxida-

tion and peroxide generation in cells. Adding serum,

which contains both GSH and albumin, significantly

changes conditions in culture medium and influences

intracellular signaling by MAP kinases [5]. One may

assume that in some experimental conditions, lack of

effectiveness of antioxidants may depend on such

mechanisms.

Moreover, in vivo studies suggest the beneficial ef-

fects of NAC after ischemia-reperfusion in rodent

models [3, 13]. Intraperitoneal administration of NAC

in rats before, during and after an episode of transient

ischemia, induced by bilateral common carotid artery

occlusion accompanied by hypotension, led to a sig-

nificant increase of hippocampal neuron survival in

animals with moderate hypotension (mean arterial

pressure 45 mmHg). NAC has no effect in rats with se-

vere hypotension (mean arterial pressure 30 mmHg) [16].

After intraperitoneal administration of 150 mg/kg

of NAC to rats subjected to 45 min of middle cerebral

artery occlusion, a 50% decrease of cerebral infarct

volume was observed [21]. Functional assessment of

these animals showed smaller neurological deficits,

probably because of a less pronounced inflammatory
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response. NAC inhibited nitric oxide production in

ischemic nervous tissue, which could attenuate oxida-

tive stress [21].

In a rat model of craniocerebral trauma, 150 mg/kg

of NAC, administered within 15 min after the injury,

reduced the malonyldialdehyde level and stimulated

superoxide dismutase and glutathione peroxidase,

without affecting catalase activity and had a benefi-

cial effect on neuronal morphology [14]. Moreover,

NAC decreased caspase-3 activation in rat brains.

NAC was demonstrated to protect the rat prefrontal

cortex and hippocampus from oxidative stress in-

duced by (+)-amphetamine administration [23]. How-

ever, NAC did not improve manic-like hyperactivity

induced in that animal model of mania.

Other mechanisms of NAC action, independent of

its antioxidant properties and GSH increase, are also

possible. High doses of NAC (20–60 mM) increased

viability of PC12 cells in medium deprived of serum

and growth factors [24]. 60 mM of NAC activated

Ras protein, which in turn stimulated MAP kinases.

ERK kinase inhibitors reversed that effect. No similar

effect was observed with PKB (Akt) inhibitors [24].

The possible mechanism(s) of NAC action is cur-

rently under investigation in our laboratory.

In conclusion, toxic effects of arachidonic acid lead

to a decrease in cell viability, necrosis and apoptosis

enhancement. Moreover, ischemic conditions diminish

the stimulation of endogenous protective mechanisms

[12, 22]. In this study, N-acetylcysteine increases cell

viability and decreases frequency of apoptosis. We

can conclude that there are good reasons to further

study N-acetylcysteine as a potentially valuable drug

for treatment of some central nervous system disorders.
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