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Abstract The serum/glucose deprivation (SGD)-induced
cell death in cultured PC12 cells represents a useful in vitro
model for the study of brain ischemia and neurodegener-
ative disorders. Nigella sativa L. (family Ranunculaceae)
and its active component thymoquinone (TQ) has been
known as a source of antioxidants. In the present study, the
protective effects of N. sativa and TQ on cell viability and
reactive oxygen species (ROS) production in cultured
PC12 cells were investigated under SGD conditions. PC12
cells were cultured in DMEM medium containing 10% (v/
v) fetal bovine serum, 100 units/ml penicillin, and 100 pg/
ml streptomycin. Cells were seeded overnight and then
deprived of serum/glucose for 6 and 18 h. Cells were
pretreated with different concentrations of N. sativa extract
(15.62-250 pg/ml) and TQ (1.17-150 uM) for 2 h. Cell
viability was quantitated by MTT assay. Intracellular ROS
production was measured by flow cytometry using 2',7’-
dichlorofluorescin diacetate (DCF-DA) as a probe. SGD
induced significant cells toxicity after 6, 18, or 24 h
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(P < 0.001). Pretreatment with N. sativa (15.62-250 pg/
ml) and TQ (1.17-37.5 uM) reduced SGD-induced cyto-
toxicity in PC12 cells after 6 and 18 h. A significant
increase in intracellular ROS production was seen follow-
ing SGD (P < 0.001). N. sativa (250 pg/ml, P < 0.01) and
TQ (2.34, 4.68, 9.37 uM, P < 0.01) pretreatment reversed
the increased ROS production following ischemic insult.
The experimental results suggest that N. sativa extract and
TQ protects the PC12 cells against SGD-induced cytotox-
icity via antioxidant mechanisms. Our findings might raise
the possibility of potential therapeutic application of N.
sativa extract and TQ for managing cerebral ischemic and
neurodegenerative disorders.

Keywords PC12 - Serum/glucose deprivation -
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Introduction

Despite remarkable advances in the prevention and treat-
ment of cerebral ischemia or stroke, it still remains a
leading cause of death and disability in the aged population
(Amantea et al. 2009).

Reactive oxygen species (ROS) is presumably involved
in ischemia-induced neuronal cell damage as well as neu-
rodegenerative disorders (Amantea et al. 2009; Behl and
Moosmann 2002). Serum/glucose deprivation (SGD) has
served as an excellent in vitro model for the understanding
of the molecular mechanisms of neuronal damage during
brain ischemia and for the development of neuroprotective
drugs against ischemia-induced brain injury (Chu et al.
2008; Hillion et al. 2005). A well-defined cell system for in
vitro studies of SGD-evoked neuronal injury can be
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provided by the rat pheochromocytoma (PC12) cell line
(Woronowicz et al. 2007).

A considerable promising approach to neuroprotection
is the use of antioxidants, which suppress the effects of
ROS (Ochiaia et al. 2004).

Nigella sativa L. (family Ranunculaceae), commonly
known as black seed or black cumin, is an annual plant that
has been traditionally used as a natural remedy for a number
of illnesses and conditions such as asthma, hypertension,
diabetes, inflammation, cough, bronchitis, headache,
eczema, fever, dizziness, and influenza (Ali and Blunden
2003). It has been shown that N. sativa, as well as thymo-
quinone (TQ), as its active constituent, inhibit non-enzy-
matic lipid peroxidation in liposomes and have appreciable
free radical scavenging properties (Houghton et al. 1995).

Nigella sativa extracts have some protective effects
against muscle tissue injury caused by lower limb ische-
mia—reperfusion. It has also been shown that N. sativa and
TQ may be useful agents for the prevention of renal
ischemia—reperfusion (IR)-induced oxidative damage in
rats (Hosseinzadeh et al. 2007; Hosseinzadeh and Monta-
haei 2007). Generation of free radicals may be, at least
partially, the basis of many human diseases and conditions
(Sun and Chen 1998; Love 1999). Therefore, the antioxi-
dant action of N. sativa may explain its claimed usefulness
in folk medicine. This antioxidant property would explain
its action against CCl4 hepatotoxicity (Nagi et al. 1999),
liver fibrosis and cirrhosis (Turkdogan et al. 2000), and
hepatic damage induced by Schistosoma mansoni infection
(Mahmoud et al. 2002; Ali and Blunden 2003).

In order to have a new insight into the medicinal value
of N. sativa, and TQ the present study was carried out to
investigate whether N. sativa, and TQ was capable of
protecting PC12 cells against SGD-induced cytotoxicity.

Materials and Methods
Reagents

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
(MTT), Thymoquinone, 2',7'-dichlorofluorescin diacetate
(DCFH-DA), were purchased from Sigma (St Louis, MO,
USA). Other materials mainly included glucose-high
DMEM, glucose-free DMEM, and FCS were purchased
from Gibco. N. sativa seeds were authenticated by Phar-
macognosy Department, School of Pharmacy, MUMS
(Mashhad, I.R. Iran).

Preparation of N. sativa Extract

Powdered seeds (100 g) of N. sativa were extracted in a
Soxhlet extractor with ethanol (70%). The resulting extract
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was concentrated under reduced pressure and kept at 4°C
until use.

Nigella sativa extract and TQ were dissolved in dime-
thyl sulfoxide (DMSO) (50 mg/ml and 60 mM, respec-
tively) and kept at —80°C.

Cell Culture

PC12 cells were obtained from Pasteur Institute (Tehran,
Iran). Cells were maintained at 37°C in a humidified
atmosphere (90%) containing 5% CO2. Cells were cultured
in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) (4.5 g/1) with 10% (v/v) fetal bovine serum, 100
units/ml penicillin, and 100 pg/ml streptomycin.

For the experiments, PC12 cells were seeded overnight
and then were subjected to SGD for 6, 18, and 24 h by
replacing the culture medium with the glucose-free DMEM
supplemented with 100 U/ml penicillin and 100 U/ml
streptomycin. PC-12 cells, were then pretreated (2 h) with
N. sativa extract (15.62-250 pg/ml) and TQ (1.17-
150 uM) and subjected to SDG for 6 and 18 h. For MTT
assay, cells were seeded at 5000/well onto 96-well culture
plates. For assay of ROS production, cells were seeded at
100,000/well onto a 24-well plate. For each concentration
and time course study, there was a control sample which
remained untreated and received the equal volume of
medium.

Cell Viability

The cell viability was determined using a modified 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT)
assay (Mosmann 1983). Briefly, they were seeded (10* cell/
well) onto flat-bottomed 96-well culture plates. After
removing the medium, MTT solution (5 mg/ml in PBS)
was added for 1.5 h resulting formazan which was solu-
bilized with DMSO (100 pl). The absorption was measured
at 570 nm (620 nm as a reference).

Measurement of Intracellular Reactive Oxygen Species

The determination of intracellular reactive oxygen species
(ROS) levels was accomplished as described previously
with minor modifications (Wang and Joseph 1999;
Mosmann 1983). In brief, at 18 h after ischemic insult, the
PC12 cells were incubated with 5 pM DCFH-DA at 37°C
for 30 min in the dark. The fluorescence of 2’,7'-dichlo-
rofluorescin (DCF), the oxidation product of DCFH-DA,
was excited at 480 nm and detected at 530 nm by flow
cytometry. Temperature was maintained at 37°C through-
out the experiment.
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Quantification of TQ in N. sativa Seed Extract

TQ quantification was carried out by HPLC on a reversed-
phase CI18 analytical column (250 x 4.6 mm, 4.6 mm
particle size), using an isocratic mobile phase of water:
methanol: 2-propanol (50:45:5% v/v) at a flow rate of
1 ml/min. UV monitoring was carried out at 254 nm. The
chromatograms of a sample of N. sativa seed extract and
standard TQ were showed in Figs. 3 and 4.

Statistical Analysis

All results were expressed as mean == SEM. Statistical
differences between groups were analyzed by one way
analysis of variance with subsequent Tukey’s tests. A
probability level of P < 0.05 was considered significant
statistically.

Results

N. Sativa or TQ-Protected PC12 Cells Against Serum/
Glucose Deprivation-Induced Cytotoxicity

The result showed SGD could decrease cell viability of
cultured PC12 cells in a time-dependent manner compared
to control (Fig. 1). Exposure to SGD for 6, 18, and 24 h
decreased cell viability to 41.7 £ 2.37, 33.5 £ 1.53, and
22.5 £ 4.85%, respectively (P < 0.001). 6 and 18 h SGD
were then selected to induce PC12 cell injury in all sub-
sequent experiments.

120 1 Serum/Glucose deprivation
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Fig. 1 Effect of serum/glucose deprivation on PC12 cell viability.
Cell viability was quantitated by MTT assay. PC12 cells exposed to
serum/glucose deprivation for 6, 18, and 24 exhibited toxicity,
reaching a maximal effect after 24 h. Results are mean £ SEM

(n =9). The experiments were done as duplicate. *** P < 0.001
SGD versus control

Pretreatment with N. sativa extract (15.62-250 pg/ml)
and TQ (1.17-37.5 uM) at different concentrations sig-
nificantly attenuated SGD-induced toxicity in PC12 cells.
The attenuating effect of N. sativa on the survival of cul-
tured PC12 cells displayed a dose dependent pattern
(Fig. 2). There was not any toxic effects when PC12 cells
were incubated with N. sativa and TQ alone (data were not
shown).

As shown in Fig. 2, the less toxicity was seen following
pretreatment of PC12 cells with 250 pg/ml of N. sativa and
4.68 uM of TQ.

Effects of N. sativa and TQ on Serum/Glucose
Deprivation-Induced Elevation of ROS Production
in PC12 Cells

Molecular probe DCFH-DA was used to monitor altera-
tions in intracellular ROS levels with flow cytometry. ROS
production was measured following the exposure of PC12
cells to SGD for 18 h with or without the pretreatment with
N. sativa (250 pg/ml) and TQ (2.34, 4.68, 9.37 uM). As
shown in Fig. 2 SGD for 18 h could significantly increase
the number of DCF-positive cells illustrating an elevation
of ROS production compared to control. On the other hand,
pretreatment with N. Sativa (250 pg/ml) and TQ (2.34,
4.68, 9.37 uM) resulted in a significant attenuation of ROS
production following SGD (Fig. 3).

TQ Quantification

Using the calibration curve, the quantification of TQ in a
sample of commercial N. sativa seeds oil was achieved and
was about 0.058% w/w (Fig. 4).

Discussion

Dysfunction of oxidative metabolism and depression of
energy metabolism occurs in brain ischemia are linked to
neuron degeneration (Johnson et al. 1995). Oxidative stress
is a condition induced by oxygen and oxygen-derived free
radicals commonly known as ROS.

There are a number of processes that have been impli-
cated in the pathogenesis of cell injury, mainly include the
production of toxic lipid metabolites, proteases and endo-
nucleases, and generation of free radicals (ROS) that can
cause oxidative damage to cellular macromolecules
including lipids, proteins, and nucleic acids. Lipid peroxi-
dation makes cell membranes particularly vulnerable to the
large numbers of polyunsaturated fatty acids (PUFAs). The
oxidation of PUFAs increases hydrophilic nature of the
membrane resulting alteration in fluidity and permeability.
The inhibition of the function of membrane bound
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Fig. 2 Protective effects of N. sativa and TQ on serum/glucose
deprivation-induced cytotoxicity in PCI12 cells. PC12 cells were
pretreated with N. sativa (15.62-250 pg/ml) or TQ (1.17-150 pM)
for 2 h, and then were exposed to serum/glucose deprivation for an
additional 18 h with respective original concentrations of TQ. The
incubation in the high-glucose medium during the whole treatment
period served as control group, and the treatment only with serum/

receptors and enzymes also occurs (Fisher 2001; Love
1999). The basis of many neurological and neurodegener-
ative disorders such as ischemia—reperfusion, seizure,
Parkinson and Alzheimer’s disease, at least partially, is the
generation of free radicals. It has been well-documented
that antioxidant therapy protect against CNS injuries
(Gilgun-Sherki et al. 2002; Love 1999; Sun and Chen
1998).

In the present study, we used the SGD-induced insult in
PC12 cells as a model of the pathological process of
cerebral ischemia (Hillion et al. 2005) in an attempt to
explore for naturally occurring drugs with neuroprotective
effects. The results obtained in the present investigation
suggest that N. sativa and TQ, its active constituent, have
an overall protective effect against SGD-induced cell death
via antioxidant mechanisms.

Nigella sativa displays a broad spectrum of pharmaco-
logical properties. N. sativa and its main active component,
TQ have been shown to possess antioxidant activities
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glucose free medium for 18 h served as serum/glucose deprivation
alone group. The cell viability was expressed as the percent (%) of the
control value by using MTT assay. The data presented are
means == SEM of three independent experiments (n = 3). Results
are mean = SEM (n = 9). *** P <(0.001 SGD versus control.
#P < 0.05, #P < 0.01, and P < 0.001 compared to SGD

(Houghton et al. 1995; Daba and Abdel-Rahman 1998;
Nagi and Mansour 2000; Burits and Bucar 2000). Recently,
the compound was reported to be capable of protecting
gentamicin-induced nephrotoxicity in rats (Sayed-Ahmed
and Nagi 2007) and the neuroprotective effect of N. sativa
oil and its fractions against beta amyloid (A f)-induced cell
death in primary rat cerebellar granule neurons was
investigated (Ismail et al. 2008).

MTT assay confirmed that the the cell viability was
significantly decreased following SGD, while N. sativa and
TQ pretreatment reserved these alterations.

The increase in ROS production may also be respon-
sible for SGD-induced cytotoxicity (Liu et al. 2003). In
agreement with these findings, we found that intracellular
ROS production was significantly increased following
SGD. The ROS are found to mediate much of the damage
that occurs after transient brain ischemia and in the
penumbral region of infarcts caused by permanent
ischemia (Love 1999), and are considered possible
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Fig. 3 Flow cytometry with DCFH-DA staining for measuring ROS
production for cultured PC12 cells in control group (a), serum/
glucose deprivation alone group (b), pretreatment with 250 pg/ml N.
sativa plus exposure to serum/glucose deprivation (c¢), pretreatment
with TQ (2.34, 4.68, 9.37 uM) plus exposure to serum/glucose
deprivation (d-f), respectively. In the groups (c—f), the PC12 cells

candidates for elucidating the pathogenesis of acute CNS
injury, becoming an important therapeutic target (Bro-
mont et al. 1989; Hall and Braughler 1989; Oliver et al.
1990). In the present study, pretreatment with N. sativa
and TQ shown to effectively block SGD-induced ROS
production, indicating that an inhibition of intracellular
ROS generation might be involved in the neuroprotective
effects of N. sativa and TQ thereby confirming their
antioxidant role in ischemic cell injury.

were exposure to serum/glucose deprivation in the presence of
different drugs for only 18 h. The ROS production was assessed
according to changes in the fluorescence intensity of DCF, the
oxidation product of DCFH-DA. The values represent 5 independent
experiments. *** P < 0.001 SGD versus control. * P < 0.05 and
## P <0.01 compared to SGD

It has been shown that non-enzymatic lipid peroxidation
in liposomes can be inhibited with both the N. sativa and
TQ (Houghton et al. 1995). N. sativa as well as TQ, have
appreciable antioxidant and free radical scavenger prop-
erties. The antioxidant action of N. sativa and/or TQ may
explain the protective effect of these agents against various
hepatotoxic and nephrotoxic models in vivo and in vitro as
well as liver fibrosis and cirrhosis (Badary et al. 1997,
Daba and Abdel-Rahman 1998; El-Dakhakhny et al. 2000;
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Fig. 4 a A chromatogram of purified N. sativa seed extract sample (500 pg/ml). b HPLC chromatogram of thymoquinone (TQ) dissolved in

methanol (5 mg/ml). Detection was carried out at As4

El Daly 1998; Mansour et al. 2001; Nagi et al. 1999;
Turkdogan et al. 2000).

The protective effect of TQ against carbon tetrachloride-
induced hepatotoxicity might be related to the ability of
this agent to inhibit lipid peroxidation (Al Gharably et al.
1997). Decreased tissue MDA and protein carbonyl levels
and prevented inhibition of superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and catalase (CAT)
enzyme activities following experimental spinal cord
injury in rats by N. sativa treatment are also reported.
(Kanter et al. 2006).

Recently, El-Abhar et al. (2003) showed that N. sativa
and TQ have a marked protective action against IR-induced
gastric mucosal lesions. It has been reported that the
aqueous extract of N. sativa seeds exhibits an inhibitory
effect on nitric oxide production by murine macrophages
and the active component(s) is/are non-protein in nature
(Mahmood et al. 2003).

The strong cytotoxic, chemopreventive, anticarcino-
genic, and antimutagenic activity and reduction in the toxic
effects of standard antineoplastic agents that seen with N.
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sativa were accompanied by restoration of the concentra-
tions of reduced glutathione (GSH), lipid peroxides and the
activities of some enzymes (Ali and Blunden 2003).

The anti-inflammatory and analgesic actions N. sativa
and TQ (Khanna et al. 1993; Mutabagani and El Mahdi
1997; Abdel-Fattah et al. 2000; Al-ghamdi et al. 2001)
have also may be related to inhibition of thromboxane B2
and leucotrienes B4 generation (by inhibiting cyclooxy-
genase and 5-lipooxygenase, respectively), and membrane
lipid peroxidation (Houghton et al. 1995).

We found that N. sativa contains 0.05% w/w TQ. The
different compounds in the extract were found to act in a
synergistic manner (i.e., more than the mere summation of
the actions of the individual compounds). This stresses the
importance of using the whole the crude extract (or oil) of
the seeds in pharmacological studies. This property has
been noted before with a number of spices (Beckstrom-
Sternberg and Duke 1994).

To conclude, the present study indicates that N. sativa
and TQ pretreatment ameliorates SGD-induced cell toxic-
ity in cultured PC12 cells, and its protective effects might
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be mediated by inhibition of the intracellular ROS pro-
duction. This study on the neuroprotective effects of N.
sativa and TQ may suggest the possible application of N.
sativa and TQ in clinical setting to prevent and treat the
common neurological insults.
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