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Abstract

The radioprotective activity of Nigella sativa extract (NSE) was ascertained by administering mice orally with 25,
50, 100, 150, 200, 400 or 500 mg/kg b. wt. of NSE, once daily for five consecutive days prior to 10 Gy γ-irradiation.
One hour after the last administration of NSE on fifth day, the animals were whole body exposed to 10 Gy radiation.
The exposure of animals to 10 Gy irradiation resulted in the death of all irradiated animals within 16 days post-
irradiation, whereas administration of mice with different doses of NSE reduced the radiation-induced mortality and
increased the animal survival significantly (p<0.05). The maximum number of survivors (60%) was observed in the
group of animals treated with 150 mg/kg NSE. A further increase in the NSE dose up to 500 mg/kg did not
significantly elevate the animal survival when compared to 150 mg/kg. Since maximum number of survivors was
observed with 150 mg/kg of NSE, it was considered as an optimum dose for radioprotection and further experiments
were performed using this dose. In another set of experiments the animals were administered with 150 mg/kg b. wt.
of NSE orally once daily for five consecutive days before exposure to 7, 8, 9, 10 or 11 Gy γ-radiation, where the
animals were monitored daily up to thirty days post-irradiation for the development of symptoms of radiation
sickness and mortality. Treatment of mice with NSE before irradiation delayed the onset of mortality and reduced the
symptoms of radiation sickness when compared with the double distilled water (DDW) treated irradiated controls.
The LD50/30 was found to be 8 Gy for DDW + irradiation group, whereas the NSE treatment increased LD50/30 up to
9.6 Gy with a dose reduction factor (DRF) of 1.2. The in vitro studies in cell free system revealed that NSE inhibited
the generation of various free radicals including 2,2-diphenyl-2-picryl hydrazyl (DPPH), 3-ethyl benzothiazoline-6-
sulphonic acid (ABTS•+), hydroxyl (OH•) and superoxide (O2•-) in a concentration dependent manner. The
radioprotective effect of NSE may be due to free radical scavenging and increased antioxidant status.
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Introduction
The discovery of ionizing radiations led to its widespread

applications in various fields immediately. Ionizing radiations are
regularly used in the diagnosis of various diseases, cancer treatment,
nuclear power production, industry, research, weapon testing, nuclear
warfare, and space explorations. These applications have led to
increased exposure of humans to ionizing radiations advertently or
inadvertently, which may result in the numerous deleterious health
effects including cancer [1,2]. The longest sought and the most elusive
goal in radiobiology research has been the development of potent
multifunctional, multi target pharmacological agents, which are able to
alleviate the ill effects of ionizing radiation on human health. It is fairly
well established that the ionizing radiations interact with biological
tissues mainly by indirect effect and induce cellular damage principally
by the generation of free radicals in the cellular milieu [1]. These free
radicals or reactive oxygen species (ROS) are generated by the
interaction of ionizing radiations with aqueous milieu of cells that
induce radiolysis of water [1]. The ROS thus generated are highly
reactive and interact with molecular oxygen or various important
biomolecules such as DNA, lipids, proteins and also with membranous
structures of cells leading to oxidative stress, and subsequently
disrupting the homeostasis between the pro-oxidants and antioxidants

inside the microenvironment of the cell that causes damage to cell
components [3].

With the realization of harmful effects of ionizing radiation, the
need for the protection of mankind against the radiation induced
deleterious effects was realized as early as 1949, when Patt and his co-
workers tried cysteine, a sulphydryl group containing amino acid in
rats to protect them against the deleterious effects of ionizing
radiations and reported for the first time that cysteine protected the
rats against the X-irradiation-induced sickness and mortality [4].
Thereafter several sulphydryl containing compounds were tried;
however, practical applicability of the majority of these synthetic
compounds remained limited owing to their high toxicity at their
optimum protective dose [5]. One of the best known radioprotector so
far, the amifostine has been tired in clinical condition however; its
widespread application remained limited because of its systemic
toxicities and exorbitant cost. Over the years, although considerable
advancement has been made in the field of radioprotection by
screening various types of pharmacological agents for their
radioprotective ability, none of these agents were found to be clinically
useful [6,7].

An ideal radioprotector is a pharmacological agent, which is non-
toxic, economically cheaper, and orally administrable and acts by
multiple mechanisms [7]. A non-toxic radioprotector could be useful
in occupational settings including defense, airline, military, research,
dentistry, radiotherapy, nuclear medicine and/or nuclear accidents. A
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chemical radioprotector will be very useful in situations, where
radioactivity is released accidentally in the environment eg. Three Mile
Island, Chernobyland Goiania, and Fukushima. It may be also useful
during air and/or space travel to protect humans from the deleterious
effects of radiation associated with solar flares [2,6-8]. With the recent
developments and increased accessibility of terrorists to improvised
nuclear devices, threat of such attacks seems to be also imminent. This
indicates the need to devise countermeasures to combat such
situations and reduce the causalities to as minimum as possible. This
could be achieved using effective pharmacological agents to protect
humans [7]. The dietary agents have received little attention for their
radioprotective activities. The dietary agents, if found radioprotective
will be advantageous, as they are in regular use, economically cheaper
and widely acceptable to humans and also do not have known
untoward side effects [9].

Kalonji, the seeds of Nigella sativa Linn. (family: Ranunculaceae)
have been used as a spice, condiment and food additive. The ancient
system of medicine, the Ayurveda, is a Sanskrit word which means
Science of Life (Ayur=life and veda=knowledge) and is the oldest
human healthcare system of medicine. Kalonji has been used as a
curative remedy for several disorders in the Ayurvedic system of
medicine. It is effective in alopecia, asthma, mad dog bites, respiratory
diseases, paralysis, palsy, migraine, amnesia, palpitation and diabetes
mellitus [10,11]. Experimentally, kalonji has been reported to be
antiasthmatic [12], anticancerous [13,14], anti-inflammatory [15],
lactogogue and vermifuge [16]. It has been reported to be cytotoxic to
multidrug resistant cells [17]. Nigella sativa has been reported to
reduce cisplatin induced toxicity in rats [14]. The principle component
of Nigella sativa, the thymoquinone has been reported to be
hepatoprotective [18]. Kalonji has also been reported to inhibit
histamine release in mast cells [19]. However the radioprotective
activity of kalonji has not been yet studied. Therefore, the aim of the
present study was to investigate the radioprotective potential of kalonji
(Nigella sativa Linn.) in mice exposed to different doses of γ-radiation
in a preclinical setting.

Materials and Methods

Chemicals
2,2-diphenyl-2-picryl hydrazyl (DPPH), sodium nitroprusside,

Greiss reagent, 2,2-azino-bis(3-ethyl benzothiazoline-6-sulphonic
acid) diammonium salt (ABTS) glutathione, chloro-2,4-
dinitrobenzene (CDNB), 5,5-dithiobis-2-nitrobenzoic acid (DTNB),
trichloroacetic acid (TCA), thiobarbituric acid (TBA) and fetal calf
serum (FCM) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). The other chemicals such as absolute alcohol, dimethyl
sulphoxide (DMSO), ethylene diamine tetraacetic acid (EDTA),
sodium bicarbonate, sodium chloride, potassium hydrogen phosphate,
disodium hydrogen phosphate, potassium chloride and hydrochloric
acid were purchased from Merck India Ltd; Mumbai.

Collection of Plant material and extraction
The dried seeds of kalonji, Nigella sativa Linn. (family:

Ranunculaceae) were commercially procured, identified and
authenticated by Dr. P. K. Rajgopal, Taxonomist, Department of
Botany, Mahatma Gandhi Memorial College, Udupi, India. The
powdered material of Nigella sativa (NS) was sequentially extracted in
a Soxhlet apparatus using petroleum ether (60°C), chloroform and
finally, the chloroform free marc was extracted in methanol. The

methanol extract of NS was concentrated under reduced pressure and
freeze dried. The dried methanol extract was stored at -70°C until use.
Henceforth the Nigella sativa extract will be referred as NSE
throughout the manuscript.

Animals
The care of animals and handling were done according to the

guidelines issued by the World Health Organization, Geneva,
Switzerland and the INSA (Indian National Science Academy, New
Delhi, India). Usually, six to eight weeks old Swiss albino mice
weighing 22 to 24 g of either sex were selected from an inbred colony
maintained under the controlled conditions of temperature (23 ± 2°C),
humidity (50 ± 5%) and 12 h of light and dark cycle, respectively. The
animals had free access to the sterile food and water, five animals were
housed in a polypropylene cage containing sterile paddy husk
(procured locally) as bedding throughout the experiment. The study
was approved by the Institutional Animal Ethical Committee of
Manipal University, Manipal, where the entire study was carried out.

Mode of administration
The NSE was freshly dissolved in double distilled water (DDW) and

administered orally using an oral gavage.

Experimental design
The radioprotective activity of NSE was determined by performing

the following experiments:-

Maximum tolerated dose (MTD)
The acute toxicity of NSE was determined according to the method

Prieur et al., [17] with minor modifications. Briefly, mice weighing
25-35 g were fasted for 18 h by withdrawing food and water. The
fasted animals were divided into two groups of 10 each. Each group of
animals was administered p.o. with a single dose of 500, 1000, 2000,
3000, and 5000 mg/kg b. wt. of NSE. The animals were provided with
food and water immediately after the drug administration. The
animals were monitored carefully and continuously for the first hour
and thereafter for a period of 4 h at an interval of every 30 min and
subsequent observations were made at 24, 48 and 72 h and until 14
days post- drug treatment. LD50 was calculated using the probit
analysis as described [18].

Radioprotective effect
The radioprotective effect of NSE was determined by dividing the

animals into the following groups:-

DDW + irradiation: The animals of this group were administered
with 0.1 ml/kg b. wt. of double distilled water (DDW).

NSE+irradiation: This group of animals was administered with NSE
orally for five consecutive days before radiation exposure.

Irradiation
The prostate and immobilized animals, restrained in a specially

designed well-ventilated acrylic box were wholebody exposed to γ-
radiation from a 60Co gamma teletherapy source (Theratron, Atomic
Energy Agency, Canada) at the Shirdi Sai Baba Cancer Hospital,
Manipal, at a dose rate of 1.33 Gy/min in a field size of 25×25 cm2 and
at a distance (SSD) of 57.8 cm.
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Optimum dosing schedule
A separate experiment was performed to select the optimum NSE

administration schedule. The animals were divided into two groups of
10 each, where grouping and other conditions were essentially similar
to that described in experimental design section. The animals were
administered with 150 mg/kg b. wt. of NSE p.o. once daily for one
(one hour before irradiation), three, five or seven consecutive days
before exposure to 10 Gy of γ-radiation. Ten animals were used for
each schedule of administration and a total of 50 animals were used for
the whole experiment.

Administration route selection
Another experiment was conducted to select the best route of

administration, where the animals were divided into two groups of 10
each. The grouping and other conditions were essentially similar to
that described earlier. The most effective route of NSE administration
was determined by administering mice with 150 mg/kg of NSE
through different routes including intraperitoneal (i.p), intramuscular
(i.m) or oral (p.o.) once daily for five consecutive days. One hour after
the last administration on fifth day, the animals were exposed to 10 Gy
of γ- radiation. Ten animals were used for each route of
administration and a total of 30 animals were used for the whole
experiment.

Optimum dose selection
The optimum radioprotective dose of NSE was selected by

conducting a separate experiment, where the animals were divided
into two groups of 10 each as described above and administered with
0, 25, 50, 100, 150, 200, 300 or 500 mg/kg b. wt. of NSE orally once
daily for five consecutive days. One hour after the last administration
on day fifth, the animals were exposed to 10 Gy of γ-radiation [19].

Radioprotective effect
An another experiment was conducted to determine the

radioprotective activity of NSE where the animals were divided into
two groups as described in section 2.5.2, except that the animals were
administered with 150 mg/kg b. wt. of NSE for five consecutive days
before exposure to 7, 8, 9, 10 or 11 Gy of γ-radiation. A total of 120
animals were used for this experiment.

The dose reduction factor (DRF) was calculated according to the
methods as follows:

DRF =  
LD50 of the NSE + irradiation group

LD50 of the DDW + irradiation group

Estimation of Free radical scavenging activity
The free radical scavenging ability of NSE was determined in cell

free system in vitro for the following radical species:

DPPH radical
The effect of NSE on the inhibition of DPPH radical was estimated

according to the method of Mensor et al., where an antioxidant reacts
with the stable DPPH radical and converts it into 1,1-diphenyl-2-
picryl hydrazine. The ability to scavenge the stable DPPH radicals is
measured as a decrease in the absorbance at 517 nm. Aliquots
containing various concentrations of NSE (10-120 μg) in a final
volume of 2 ml were mixed with 2 ml of 0.05 mM DPPH (in

methanol). DPPH (2 ml) with an equal amount of PBS served as
control. The reaction mixture was incubated at 37°C for 20 minutes
and the optical density (OD) was measured at λ=517 nm using
spectrophotometer. The DPPH radical scavenging activity was
calculated as follows:-

% Scavenging [DPPH] = [(A0−A1) / A0]×100

Where A0 is the absorbance of the control and A1 is the absorbance
in the presence of the samples and standard.

Hydroxyl radical
Hydroxyl radical scavenging assay was performed by the oxidation

of deoxyribose as described by Halliwell et al. [22]. The OH• were
generated by Fenton reaction in Fe3+- EDTA-ascorbate-H2O2 system.
The degradation of deoxyribose by OH• was estimated by measuring
the thiobarbituric acid reactive substances (TBARS). Briefly, the
reaction mixture contained ascorbic acid (50 mM), EDTA (2 mM),
H2O2 (1.42 mM), deoxyribose (2.8 mM) and various concentrations
of NSE in a final volume of 1.0 ml. The reaction mixture was incubated
at 37°C for 30 minutes, followed by the addition of 1 ml of 5%
trichloroacetic acid (TCA) and 1 ml of thiobarbituric acid (TBA), and
heated in a water bath at 75°C for 30 minutes and cooled. The reaction
mixture without NSE served as control. The absorbance was read at
534 nm using UV-VIS spectrophotometer (Shimadzu UV-260,
Shimadzu Corp, Tokyo, Japan). Percent inhibition was calculated by
the following equation:-

% Inhibition = [(A0−A1) / A0]x100

Where A0 is the absorbance of the control and A1 is the absorbance
in the presence of the samples and standard.

Superoxide radical
Superoxide scavenging activity of NSE was performed by the

photooxidation of riboflavin according to the method of Hyland et al.
[23]. The 3 ml of reaction mixture, contained 20 mM phosphate
buffer, 100 mM EDTA-sodium cyanide, 2 mM of riboflavin, 75 μM
nitrobluetetrazolium and various concentrations of NSE. The control
consisted of reaction mixture without NSE. The test samples along
with control were illuminated under incandescent light for 20 minutes
and the absorbance was recorded at 513 nm. The percentage inhibition
of superoxide anion generation was calculated using the following
formula:-

% Inhibition = [(A0−A1) / A0]×100

Where A0 is the absorbance of the control and A1 is the absorbance
in the presence of the samples and standard.

ABTS radical
ABTS diammonium salt radical cation decolorisation test was

performed using spectrophotometric method described by Miller et al.
[24]. The ABTS reacts with potassium persulphate to produce the
ABTS•+ radical cation, a blue green chromogen. In the presence of
antioxidant, the colored radical is converted back to colorless ABTS.
Various concentrations of NSE (10-120 μg) in a final volume of 1 ml of
PBS were mixed with 1ml of ABTS working solution. ABTS working
solution with equal volume of PBS served as control. The reaction
mixture was incubated at room temperature (28°C) for 30 minutes and
the absorbance was measured at 734 nm.
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All the experiments were performed thrice and test of homogeneity
was applied to find out variation among each experiment if any. The
data of each experiment did not differ significantly from one another
and hence, all the data have been combined and means calculated.

Statistical analysis
All data are expressed as Mean ± SEM (Standard Error of Mean).

The significance between different groups was determined by Mantel–
Cox Log Rank test, except free radical estimations, where statistical
significance was determined by the Students ‘t’ test. A p value of <0.05
was considered as significant.

Results
The results are expressed as mean ± SEM (Standard Error of the

Mean) in Table 1 and Figures 1-7.

Maximum tolerated dose (MTD)
Administration of 500 to 1000 mg/kg b. wt. NSE did not show any

adverse clinical signs and symptoms of toxicity up to day 14 post-drug
treatment. Similarly, the body weights also remained unaltered in the
animals treated with NSE when compared with the DDW treated
control group. A further increase in the NSE dose resulted in a
corresponding decrease in the animal survival and an administration
of 2000 mg/kg b. wt. NSE resulted in a 50% reduction in the animal
survival [Figure 1]. When the NSE dose was increased up to 3000
mg/kg b. wt. the animal survival reduced up to 30% leading to a
mortality of 70% and no animals survived when the NSE dose was
further raised up to 5000 mg/kg b. wt. [Table 1]. The LD50(14) was
determined by probit analysis as described by Litchfield and Wilcoxon
was found to be 2000 mg/kg b. wt. NSE [Table 1 and Figure 1].

NSE dose (mg/
kg.b.wt.)

Mortality (%) Corrected (%) Probit values

500 0 2.5 3.04

1000 00 2.5 3.04

2000 50 50 4.75

3000 70 70 5.52

5000 100 97.5 6.96

LD50(14) value = 2000 mg/kg b.wt.

Table 1: Acute toxicity of oral administration of NSE in Swiss albino
mice

Optimum dosing schedule
The optimum dosing schedule was determined by orally

administering the animals with 150 mg/kg NSE once daily for one,
three, or five consecutive days before 10 Gy irradiation and
monitoring the animals for 30 days post-irradiation. A greatest
number of animals receiving the oral administration of 150 mg/kg
NSE for five days survived at day 30 post-irradiation, when compared
to other administration schedules i.e. 1, 3 and 5 days [Figure 2].
Therefore, administration of NSE once daily for five consecutive days
before irradiation was considered the best and further studies were
carried out using this regimen.

Figure 1: Acute toxicity of various doses of NSE after oral
administration in Swiss albino mice. LD50(14) value=2000 mg/kg b.
wt

Figure 2: Effect of various dosing schedules of 150 mg/kg b. wt. NSE
pre-treatment on the survival of mice exposed to 10 Gy of γ-
radiation

Administration route
The administration of 150 mg/kg NSE, once daily, consecutively for

five days by oral (po), intraperitoneal (ip) or intramuscular (im) route
before irradiation to 10 Gy showed an increase in 30 day survival of
mice. The analysis of thirty-day survival revealed that the optimum
radioprotective activity was observed when the drug was administered
through oral route rather than through ip or im route, where 40%
animals survived after 30 days post irradiation than the other routes of
administration [Figure 3].
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Figure 3: Effect of different routes of administration of 150 mg/kg
b. wt. NSE on the Kaplan Meir’s estimate of the survival of mice
exposed to 10 Gy of γ-radiation

Optimum dose
The optimum radioprotective dose was determined by injecting

different doses of NSE before whole-body exposure to 10 Gy γ-
radiation. Oral administration of 500 mg/kg of NSE (¼ of LD50) alone
for five consecutive days did not cause any drug induced mortality up
to 30 days. Exposure of animals to 10 Gy γ-irradiation resulted in a
decline in the animal survival and the first death was observed on day
3 and majority of the animals died by 16 days post-irradiation in the
DDW +10 Gy irradiation group. Administration of mice with various
doses of NSE for five consecutive days before 10 Gy irradiation
reduced the radiation-induced mortality. The administration of
animals with different doses of NSE before 10 Gy irradiation increased
the survival in a dose dependent manner up to 150 mg/kg NSE, where
40% animals survived as against nil in the DDW+10 Gy irradiation
group. The administration of 50, 100, 200 and 400 mg/kg NSE to mice
resulted in a 30% animal survival, whereas treatment of animals with
25 and 500 mg/kg NSE before 10 Gy irradiation resulted in 20%
survival as against no survivors for 10 Gy alone at the end of 30 days
after irradiation [Figure 4]. Animal survival increased significantly (p
< 0.05) for all doses of NSE treated groups when compared to the
DDW-treated group, except for 25 and 500 mg/kg b. wt. NSE, where
this increase was non-significant. Since a maximum survival was
observed in the animals treated with 150 mg/kg of NSE before 10 Gy
irradiation, it was considered as an optimum dose for radioprotection
and further experiments were performed using this dose.

Radiation Protection
The radioprotective activity of NSE was determined by

administering animals with 150 mg/kg of NSE orally once daily for five
consecutive days before whole-body exposure to 0-11 Gy of γ-
radiation. Irradiation resulted in a dose-dependent decline in the
animal survival, where the first mortality was observed on day 4 post-
irradiation in the group of animals receiving 9 Gy irradiation and all
animals succumbed to death even before the end of 30th day after
exposure to 10 and 11 Gy radiation in the DDW + irradiation group
[Figure 5]. As 50% of the animals died after 30 days in the group
receiving 8 Gy irradiation. The LD50/30 was found to be 8 Gy for DDW
+ irradiation group. Administration of 150 mg/kg NSE resulted in a
significant elevation in the animal survival after irradiation to 10 and

11 Gy. Treatment of mice with 150 mg/kg NSE delayed the
gastrointestinal deaths when compared to DDW + irradiation group,
especially 9 Gy, where it was delayed by 5 days [Figure 6]. This
increased the LD50/30 up to 9.6 Gy resulting in an increase in the
LD50/30 by 1.6 Gy. The dose reduction factor (DRF) was found to be
1.2 [Figures 5 and 6].

Figure 4: Kaplan Meir’s estimate of the survival of mice treated with
different doses of NSE p.o. before whole body exposure to 10 Gy γ-
radiation

Figure 5: Radiation dose response curves for 30 day survival of mice
after whole body γ-radiation with or without NSE (150 mg/kg b.
wt.) before exposure to 7–11 Gy

Free radical scavenging activity

DPPH radical
Introduction of different concentration in vitro resulted in a

concentration dependent inhibition of DPPH radicals and a maximum
reduction of 74% in DPPH radicals was observed at a concentration of
200 μg/ml [Figure 7a].

Citation: Jagetia GC, Ravikiran PB (2014) Radioprotective Potential of Nigella Sativa Extract in Swiss Albino Mice Exposed to Whole Body γ-
Radiation. Altern Integr Med 3: 168. doi:10.4172/2327-5162.1000168

Page 5 of 9

Altern Integr Med
ISSN:2327-5162 AIM, an open access journal

Volume 3 • Issue 4 • 1000168



Figure 6: Kaplan-Meir’s estimate of survival of mice treated with
150 mg/kg b. wt. of NSE before exposure to various doses of γ-
radiation. a) 7, b) 8, c) 9, d) 10, e) 11 Gy radiation

Hydroxyl radical
NSE treatment significantly (p<0.05) inhibited 2-deoxyribose

degradation in a concentration dependent manner [Figure 7b] and a
maximum inhibition was observed at a concentration of 200 μg/ml
(75%) and a plateau thereafter [Figure 7b].

Superoxide anion radical
The generation of superoxide radicals was inhibited by NSE in a

concentration dependent manner and a greatest inhibition was
observed for 200 μg/ml NSE where a 70% inhibition was reported for
the superoxide radicals [Figure 7c]

ABTS radical
The total antioxidant capacity of the NSE was estimated as the

decolouration of ABTS•+, upon interaction with the NSE that
suppressed the absorbance of the ABTS•+ radical and the results are
expressed as percent inhibition of absorbance as shown in Figure 7d.
The ABTS cation radical was inhibited in a concentration dependent
manner by NSE and a maximum inhibition was observed for 250
μg/ml [Figure 7d].

Figure 7: Effect of various concentrations of NSE on the scavenging
of various free radicals generated in vitro. a) DPPH b) Hydroxyl c)
ABTS•+ d) Superoxide anion

Discussion
Ionizing radiations induce a wide range of molecular damages,

which subsequently lead to a spectrum of cellular responses causing
cellular damage and cell death [1,25]. Numerous earlier studies on
synthetic compounds have demonstrated their ability to protect
against deleterious effects of ionizing radiation in various organisms.
However, inherent toxicity of these agents at radioprotective
concentrations precluded their clinical use [5], and more extensive
pursuits for safe and efficacious radioprotectors have been underway
since then. The increasing terror attacks and possibility of possession
of improvised nuclear devices or dirty bomb in the hands of terrorist
organization has reemphasized the need for an effective
radioprotector, which is able to counter the deleterious effect of
ionizing radiations. Several pharmacological agents have been
screened for their radioprotective potential however; none meet the
required properties that can be used as a countermeasure against the
deleterious effects of ionizing radiations [2,7,26]. This implies that
there is a continued need to search and screen newer pharmacological
agents that are less toxic and highly effective as radioprotector/s.
Therefore, the aim of the present study was to evaluate the
radioprotective effect of Nigella sativa extract in mice exposed to
different doses of γ-radiation.

The maximum tolerated dose of NSE was found to be 1000 mg,
where no mortality was observed. With increasing dose the animals
succumbed to death and 50% survival was recorded for 2000 mg/kg
NSE. Most of the plant extracts have been reported to have higher
toxic doses earlier [27-34]. Dichloromethane extract of guduchi was
found to have LD50 of 1.2 g/kg b. wt. [35].

Administration of mice with different doses of NSE resulted in a
dose dependent elevation in the animal survival after exposure to 10
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Gy up to a dose of 150 mg/kg NSE, where a maximum number of
survivors were observed. The administration of higher doses of NSE
before irradiation actually reduced the animal survival. A similar effect
has been reported earlier with other radioprotectors including
phytoceuticals [4,7,26-34]. These studies have demonstrated that
radioprotective agents have an optimum dose and the decline in
survival after this dose is due to the induction of toxic effects at higher
doses [4,26-34]. A similar effect of NSE is discernible in the present
study.

The irradiation of mice to different doses of γ-radiation caused a
dose dependent reduction in the animal survival and the symptoms of
radiation-induced sickness like reduction in the food and water intake,
irritability lethargy, diarrhea, weight loss, emaciation and epilation
within 3–5 days after 10 Gy irradiation is in good agreement with the
earlier studies, where a similar effect has been observed [26-34,36,37].
The intestinal and bone marrow damage reduced the survival up to
40% within 10 days and the remaining animals succumbed to death
within next 20 days is in corroboration with earlier studies, where a
similar effect has been reported [26-34,36,37]. The ionizing radiations
interact at cellular and molecular levels inducing damage to
biologically important macromolecules such as DNA, RNA, proteins,
lipids and carbohydrates of various organs. Usually molecular
damages are expressed early, whereas the cellular and tissue damages
may be expressed over a period of time depending on the cellular
kinetics and radiation tolerance of the tissues. It is well established that
the dividing cells are highly sensitive to the effect of ionizing radiations
and the effect of whole body irradiation is mainly experienced by
germinal epithelium, the gastrointestinal epithelium and the bone
marrow progenitor cells, which are under constant renewal at a rapid
rate. Since the germinal epithelium does not play any active role in the
life supporting functions of the exposed individual, damage to it is
inconsequential as far as organismal survival is concerned. In contrast,
the gastrointestinal epithelium and the bone marrow progenitor cells
are vital for the sustenance of life, and any damage or destruction of
these cells will be felt by the whole organism. This will impair the
normal physiological processes drastically leading to the death of
animals depending upon the severity of damage suffered by these
tissues. Despite the fact that the gastrointestinal epithelium is less
sensitive than the bone marrow progenitor cells, its cell transit time is
quick, and hence the radiation-induced damage is expressed earlier in
the gastrointestinal epithelium than the hemopoietic system [37]. This
is the reason that gastrointestinal syndrome is expressed earlier in the
irradiated organisms than the bone marrow syndrome. In mice death
within 10 days post-irradiation is due to the damage inflicted by
radiation to the gastrointestinal epithelium and remaining deaths due
to irradiation within 11 to 30 days post-irradiation is mainly due to
hemopoietic damage inflicted by radiation to the bone marrow cells
[26-34,36,37].

The NSE treatment before exposure to different doses of γ-radiation
increased the animal survival by 30, 20, 40 and 20% after exposure to
8, 9, 10 and 11 Gy γ-radiation, respectively. A similar increase in the
animal survival has been reported earlier when the animals were
pretreated with other botanical extracts including Zinger officinale,
Mentha arvensis, Aegle marmelos, Ageratum conzoides, Syzyzium
cumini and Tinospora cordifolia before exposure to various doses of
ionizing radiations [27-30,38,39]. Likewise, several other chemicals
have been shown to elevate the survival of the animals after exposure
to lethal doses of radiation [4,40,41]. Similarly, delta-tocotrienol, a
vitamin E analogue and a strong antioxidant has been found to protect
mice exposed to 9.2 Gy of γ-radiation [42]. The dose reduction factor

(DRF) is an indication of the extent of protection offered by any
pharmacological agents. NSE treatment has elevated the LD50/30 up
to 9.6 Gy resulting in an approximate increase of 1.6 Gy for NSE+
irradiation group as against the 8 Gy for DDW + irradiation group.
The administration of NSE before irradiation resulted in a DRF of 1.2.
Different agents have been reported to provide different DRF values
and WR-2721 have been reported to give a DRF of 2.7 [7,43].

The exact mechanism of action of radioprotection by NSE is not
known. However, it may have used multiple putative mechanisms to
provide protection to the animals against the radiation-induced
sickness and mortality. The ionizing radiations interact with
biomolecules by inducing various free radicals, which subsequently
inflict damage to cells, tissues and organisms as a whole depending on
the dose of radiation. The radioprotective action of NSE may have
been mediated through scavenging of the radiation-induced primary
free radicals and subsequent prevention of other reactive oxygen
species. This contention is supported by our observations that NSE
inhibited the generation of hydroxyl, superoxide and DPPH free
radicals in the cell-free system. Similarly, it has also inhibited ABTS
free radicals in vitro. A similar effect has been reported previously in
essential oils obtained from N. sativa [44,45]. The other plausible
mechanism of radioprotection by NSE may be increase in glutathione,
antioxidant enzymes including glutathione peroxidase, glutathione-S-
transferase, catalase and superoxide dismutase. NSE has been reported
to upregulate the messenger RNA (mRNA) levels of glutathione-S-
transferase [46]. As it has reduced the generation of free radicals NSE
may have reduced the radiation-induced lipid peroxidation thereby by
protecting cell damage. The NSE has been reported to scavenge lipid
peroxidation in brain homogenate in vitro [44]. Although no effort has
been made to study the molecular mechanisms of radioprotection by
NSE, there is no reason to believe that NSE would have not employed
the molecular pathways to exert its protective effect. The ionizing
radiation induces DNA double strand breaks, which subsequently
induce transactivation of NF-κB and expression of COX-II in normal
cells [47-49]. Therefore, blockage of transactivation of NF-κB and
expression of COX-II may be one of the important molecular
mechanisms of radioprotection by NSE [50]. Recently, Nfr2 gene has
been identified to play an important role in antioxidant defense and
ionizing radiation has been found to disrupt its activation [51]. The
presence of NSE before irradiation may have inhibited this action of
radiation against the Nfr2 gene keeping the antioxidant enzyme
system in good shape leading to radioprotection [52].

The Nigella sativa seeds contain thymoquinone, nigellidine,p-
cymene (rho), carvacrol, 4-terpineol, t-anethole (tau) and the
sesquiterpene longifolene [53,54]. The observed radioprotective
activity of NSE may be due to one of its components or as a concerted
action of all these phytochemicals present in NSE.

In conclusion, administration of NSE protected mice against the
radiation-induced sickness and mortality. The principle mechanism of
radioprotection seems to be scavenging of various radiation-induced
free radicals and increase in the activity of antioxidant enzymes. The
molecular mechanisms that may have played important role in
radioprotection by NSE include inhibition of radiation-induced
transactivation of NF-κB, suppression of radiation-induced elevation
in COX-II expression, inhibition of the radiation-induced decline in
GST mRNA and Nfr2/HO gene, which is supported by various studies
on the NSE. The radioprotective action of NSE may be mediated by
the presence of various phytochemicals including thymoquinone,
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